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ABSTRACT

Systems to generate high power levels frequently operate at high

voltage, and their design requires special knowledge of dielectric and switch-

ing technology. The treatment of ihese technologies in this report starts

with a discussion of electric field analysis theýn covers insulation and swit-h-

ing in the four dielectric media; namely gas, liquid, solid and vacuum. An

extensive search of the literature p)roduced a lisling of relevant hooks, re-

ports and papers and the e stahl ishr•nhmnl o1 a punched card classification and

ret rieval system specially dseisgn,(I Ifor t•' suhjrct area.

(Distribution Inimitation Statement B)
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SECTION I

INTRODUCTION

The need to simulate, without fusion, the radiation phenomena

produced by nuclear devices has led to the development over the last decade

of new technology which is broadly applicable. In most cases simulation has

required the production of very high power transients, generated usually by

the delivery oL energy stored electrostatically through a suitable switching

system. As a consequence of these activities significant advances have been

made in high voltage technology, specifically in the engineering of dielectrics

and high power closing switches--ihe, SUi•.jtl (A". his volume.

The prinic purpose of this text is to provide a condensation of the

extensive but scattW'Led information on dielectrics and( switching to facilitate

high voltage design. All available sources of information have been used in-

cluding govcrnmnent roports, some or whiell cover' large development pro-

grams on high voltage equipment. Ll sutch reports thu information on dielec-

trics is soettimes significant but not lomiin(ntly advertised. In general

the oijctjit is to p~rovide a design haldil ook; tll,,or ti.;,L I rt'eallloille iS

minimiz(.,d but with appropriate references fo'rl further' Study.

1)ielcctrics are used in high voltage systems not only as insula-

tion but as energy storage media, the commonest storage device being the

capacitor, usually with paper dielectric. In gen.ral, dielectric quality can

be represenitt., hy the. miaxiiuum electric field ( niy) supportabhl in a particular

set of citcuIst:ances. The choice of'a suitable insulant would seem then to

be simply a uiatter of choosing the most economic medium which would sup-

port the stress. The choice of a dielectric for energy storage would similarly

be related to the onergy density required (1/2 e r E 2). These statements
r o nl
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are true, but the judgment is not simple, primarily because the maximum

electric field which can be supported is determined to varying degrees by the

particular circumstances, as we will see as the text progresses. As an ex-

ample, the maximum field is determined not only by the size of the system

to be insulated, but also by the time during which the stress is sustained.

Relatively high stresses can be supported for short times, for example in

liquids. This fact is used in pulse power systems where large energies have

to be delivered quickly, by using intermediate energy storage elements, or

power concentrators. These concentrators are pulse charged and hold their

energy only briefly before delivery to the load or transmission system.

High-power transmission systems, or lines, obviously have to be

carefully insulated. In selecting a dielectric for a line, it should be remem-

bered that for energy flow the figure of merit is proportional to /: E 2

2 rr
and not to E as it is for energy storage, so that with all circumstancesr mq

being equal (area, stress duration, etc.) it is not necessarily the case that

the best storage medium is also the best transmission medium. This differ-

ence can be attributed to the dependence of the propagation velocity on the

dielectric constant of the medium.

The desire for high-energy density in energy storage or transmis-
sion systems is usually based on the need for compactness, mobility perhaps,

and overall economy. However, in sonie cases the energy density achievable

determines technical feasibility. This will become obvious from the following

considerations, where for simplicity the example taken is a coaxial energy

storage system, which is a fairly common situation. The system delivers its

energy in a pulse, through a switch, to a resistive load at one end. The switch

initially will be considered perfect; that is, either completely insulating or

completely conducting. The radial dimensions of the energy storage system

and the switch geometry introduce an effective inductance thus degrading pulse

risetime and fall time, but this will be neglected and the system is assumed to

be a "long" transmission line with a characteristic impedance Z and a dielec-
0

tric constant r"
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The objective of the design is to develop a specific power in the

load in the form of a square pulse of given duration ( - ). The line is designed

to match the load, the condition for 100M efficiency, i.e., stored energy in the

line equals energy delivered to the load. From simple transmission line con-

siderations, the line lengtn must equal -r /6. 6 meters where T is the
r

pulse duration in nanoseconds. Obviously the energy density in the transmis-

sion line must be sufficient to allow the pulse energy to be stored in this length,

and if this energy density cannot be achieved by suitable combination of dielec-

tric, ge!om•eiry and charging time then this direct approach is not possible.

As already noted the radial dimensions of the line have been neg-

lected for simplicity, but this omission does not detract from the argument

that il is PllysiCaily impossible, from basic considerations of propagation velo-

city, to deliver cnergy stored at one point to another point where switching is

initiated in le'ss titan 0'. 6 JI --- nanoseconds, where J4 is the distance be-

tween the pnints ill lotters.

Wi't re it is impractical to soorCt sufficient energy wiihin the re-

quirt,'I diisLtati, from the output switch, recourse can be taken to multiple

.'uirr. sllvt,[S, eUachI with its ownI output switch. The pulses generated by each

stoire, :i•i c-ar,'ie.d by transmission lines to the load. Obviously the dielectric

designl at'onticd the load to cacry the (tombined power is yet another problem -

hopefully teach' tractiit', by the shortness of the pulse duration. Such a tech-

nique ob)vioSusly te(quilrs advanced switch synchronization technology, but as

will be s~een later it is now possible to close high-power switches spaced far

apart wiliin ;t ,mioe tianos'econd window.

.otiside" tiw the situation where the output switch is imperfect.

'Phi' swirll: is often anl electrical discharge (or brealdown) device such as a

high pressure gas spark gap. Various ways of initiating the discharge are

available depending on the nature of the device; for example, lasers or field

intensificati, t igger electrodes may be used.

-3-
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The operation of the switch can be roughly separated into three

phases. rri the final phase the voltage drop across the switch is usually neg-

ligible compared to the other circuit voltages- -perfect conduction can gener-

ally be assumed. Although there are almost certainly minor variations occur-

ing during this phase, for example, in the "arc" drop, it is reasonable to call

this *he "stable" phase because these changes are usually not significant to

the performance of systems.

The two earlier phases, which tend to blend together, exist during

the growth towards the final "stable" stage. The first of these is the r'esis-

tive phase. This occurs at the start of the discharge and involves the growth

of conduction processes. In this phase encrgy is being absorbed by the switch

to appear mostly as heat in the electrmles and switch medium.

The second phase, called the inductive phase, in general, exists

once the conduction processes are adequately established, and as the name

suggests is related to the geometrical induclance of the discharge channel, or

channels, and the return path. The voltage drop across diw switch in this

phase is related to the rate of change of current through the inductance, and

the energy being absorbed is stored in the mnagnetic tie ld.

The i'isetime associated with the inIduCtiVw J)hasU-, for example in

the case of the transmission line with malched load discussed earlier, is

given by 1. 1 L /Z where L is the switch inductance. A pessitnistic esti-
s o I

mate for total riselirnc is the sum of the resistive and inductive phase dura-

tions. A better approximation seQms to be the root mean square value as

used in the risetimc summation of series pulse :muplifiers. In many cases,

of course, one phase dominates.

These switch characteristics canl bC critical factors in the design

of high-power pulse systems and are treated at length in later sections along

with other important f'eatures such as electrode erosion, shock generation

and recovery time.
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SECTION 2

ELECTRIC FIELD DETERMINATION

2. 1 Basic Concepts of Electrostatics

It is appropriate, in a review text on dielectrics, to emphasize

the importance of proper grading of electrical fields. Since failure, or break-

down, of a dielectric is dependent on the maximum electrical stress in the

dielectric, the designer must ensure that all grading be as uniform as possible

in order to utilize the dielectrics most efficiently and economically.

A field is a region of space, empty or' occupied by some solid,

liquid, or gaseous medium, in which certain physical states occur. The re-

gion contains an electric field if it is concerned with a manifestation of stored

electrical energy--i.e. , if an electric charge placed in the region moves un-

der the influence of electrical forces. In electrostatics, the field is most con-

veniently described in terms of a scalar potential function--V (x,y, z)--which

satisfies Poisson's equation v2 P/ . The electric field intensity is the

gradient of the potential function U, - V and is a vector quantity. When

there is no free charge in the field region, which is the case usually uncoun-

tered in practice, then one deals with Laplace's equation V V = 0 or . 0.

Rationalized MKS units will be ucs.d throughout.

When dealing with Laplace's equation, the solutioni is determined

by the boundary conditions which are imposed externally. Normally, boundary

conditions consist of conducting equipotential surfaces on which fixed voltages

are applied, and formally it is possible to show that a specification of the

boundary conditions is sufficient, and necessary, to uniquely determine the

potential distribution within the region.

There are many mathematical techniques available for solving

Laplace's equation in one-, two-, or three-dimensional geometries. The

method of images, Green's functions, separation of variables and conformal

mappings are but a few. There are mrany texts available which outline one

-5-



or more of the formal methods available, and rather than present a sketchy

review when several comprehensive treatments exist the reader is referred

to the literature; for example, the books by Morse and Feshbach(1) and
(2)

Vitkovich are excellent.

The remaining parts of this section are devoted to:

(a) Presentation of field enhancement factors for some com-

monly used electrode configurations.

(b) Discussion of analog and digital techniques available for the

solution of potential distributions in complicated geometries.

This leads to consideration of mixed dielectrics, since these

techniques are particularly useful for analyzing the mixed

dielectric situations.

2.2 Field Enhancement Factors for Several Useful Geometries

The designer, of high-voltage systems is confronted with the )rob-

1 11 of minimizing electric field enhancements which inevitably arise in a

Mechanically and fiscally sourd design. Real life electrode configurations

are rarely amenable tu analytic scruiiny, and aside from computer analysis

of tile system (which is discussed later) one usually has to approximate var-

ious parts of the design in terms of' geomctries for which solutions exist. In

this way, however, it is often possible to estimate within 20%, using known

breakdown data, whether' that portion of the systenm is liable to cause break-

down problems.

The number of possible analytic solutions for two dimensional

electrode configurations, and three dimensional configurations having one

symmetry axis, is extremely large. Figure 2. 1 gives a summary table of
(3)

several simple geometries. The formulas for maximum stress are only

approximate, and apply for large electrode separations. For mrore detailed

information on solutions in two dimensions using analytic functions and con-
(4).

formal mapping, the book by Bewley is recommended. For an analysis
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Co nfiguration Formulu for E uxazple

Two parallel [W U 100 kV. a2 - 2 0,
plane platesi[ a E = 50 kVfem.

Two concentric U Ur"a -= 150 kV, r = 3cut a = 2 em,
spheres a r E = 125 kVfcin.

Sphere and 34 U r +a U= 200 kV, r- Scm, a Bcu,
plane plate a r E r; 58.5 kV/cm.

Two spheres at a U r-I u/2 U 200kV, r 5cu, a 12cm,
distance a from U0 "-

a r E =- 33 kVkci.each o~thcri

Two coaxial . YUU 100 kV, r = 5 c., u=7 era,

linder2 2.3 r lgE 22.9 kV/cm.

Cylinder parallel 0.9 -200 kV r =: 5 cut, a t0o er,

to plane plate 2.3 r Ig r-• aE 32.8 kV/em.

U/2_ _
Two parallel 0.9 -U -150 kV, r - - 6 cut a 2 0 emu.

Two perpendic. / [/ 0.9 * U2 U- 20 kV, r= O1cut.( 10c.
ular c)ylinduri 10, 2.3 r ig ra/2 E .22.2 ktct.

Hlem isphere on 3.. ..... ..31J( U - 100 kV, a• 10cm C•
one of two parl- ; (a r) E -- 30 kV/cm.

Il platW pl ates

Senicylinder oni 2U U =200kV, a 1 12cut,
one of two paral- er [ -2r (a ) r)

lel plane plates 

a

U C' U=200kV, E1 .- 2,t 2ý4,a,-6cut,a2=5 cut,between plane a' 2 + oEI E. 11.8 k./cm,.

pIIt,"c(al > a2) i.• . •

Figure 2. 1 Maximum field strength E with a potential difference U
between the electrodes, for different electrode configurations.
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of analytic solutions in some of the 27 separable coordinate systems, the book
(5).

by Moon and Spencer is very useful.

For a general two electrode configuration, a field enhancement

factor--f l-- can be defined as the maximum electric field strength divided by

the average electric field strength. The maximum field may occur on either

electrode, and normally arises on that portion of an electrode surface which

has the smallest radius of curvature. The average electric field is defined

as the potential difference between the two electrodes divided by the minimum

separation between them. This field enhancement factor is thus a measure

of how much worse the peak field strength is than that for parallel plate geom-

etry. Another field fa2tor--f2--can be derived from fI by multiplying it by

the ratio of the maximum system dimension to the minimum electrode separ-

ation. This factor is useful since it normalizes everything to the overall sys-

tem size, and as will be evident below, this factor always has a minimum value.

At the minimum one has a situation in which the maximum stress occuring in

the system has as low a value as is physically possible (this, of course, being

for a fixed geometrical configuration, voltage, and total system size). p
The geometries considered in this section mainly consist of spher-

ical, or cylindrical, electrodes above ground planes. Thus, the figure shown

below is representative:

2rr -N
0H

We will use a dimensionless geometrical parameter p R /r to characterize

such a system. This parameter will be used almost exclusively in the follow-

ing treatment. Also, using this notation we have f = f x (p/p-i).

2.2. 1 Concentric Spheres

This system is shown below:

A -8- j
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The average electric field is L ave V Vo/(R-r). We define f E EmaxI/E ave'

and it is easy to show that f, = p, and thus f2 =p (p-1). Figure 2.2 graph-

ically shows the two factors. Notice the two limits which are approached:

(a) p--, 1, fl I 1

This simply states thai for small radial separations, the

fihld looks like that of two parallel plates.

(h) p = 2, f2 = minimum

This is a statement of the fact that for a given voltage and

outer sphere, the minimum electricial stress on the inner

sphere occurs when it has one half the radius of the outer

sphere.

2.2.2 Concentric Cylinders

This geometry is characterized by the same figure as that fur

concentric spheres (see schematic of previous section). The enhancement

factors f and f2 were defined previously, and are expressed as f, (p-1)Iln p

and r = p/In p.
2

Figure 2. :3 shows the behavior of these two functions. Again,

f I as p-, 1, i.e., a parallel plate situation is approached. In the present

case, no end effects are considered. The cylinders are taken to be infinite

in extent.

In practice, it is often required to achieve the minimum stress

for concentric cylinders. This is easily seen from the graph of f2 to be sat-

isfied for p = e 2.7 18----.
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2. 2. 3 Sphere Above Infinite Plane

This geometry is characterized in the sketch below:

1--
r

The exact analytic solution can be carried out using hi-spherical coordinates

(see reference 6), and is quite cumlersome. Figure 2.4 shows the results

obtained for fI and f 2 "

An approximate equation0 useful when tables or graphs are not

available, can be derived by placing a point charge at the center of the sphere.

Using the method of images, and rhuosi-ttSe"c'harges in such a way as to get

the right potential at the point of the spherical surface closest to the ground

plane, one obtains fl = 1 (p- )/p- I / 2), r2 = p 2/(p- I/2). These formula are

good to a few percent for p1 4.

The above for'mulas and curves apply also to two equal spheres

separated by a distance 2 (li-r), with a potential difference of 2 V between
I llthem.

2.2.4 Cylinder Above Infinite Plane

The figure characterizing this geometry i:; the same as in the pre-
,. . (6)

vious subsection. Using bi-cylindrical coordinates an exact formula can be

derived. Again, the result is cumbersome. Figure 2.5 shows how the two

field enhancement factors depend on the dimensionless geometrical factor.

The method of images can again be used to obtain approximate

equations. They are f1 = (p-l)/ln (2p-l), f2 = p/ln (2p-1). Note that the

graphs can also be used to calculate the maximum stress of two equal cylin-

ders separated by 2 (R-r) at a potential difference of 2 V
0.
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2.2.5 Cylinder Passing Through a Radiused Hole
(7)

Ryan and Walley have analyzed the field enhancement associated

with a cylindrical conductor passing through a radiused hole in a plate. The

geometry is as follows:

p lR/rr
2r

They use oblate-spheroidal coordinates, with rotational hyperboloid equipo-

tentials, to approximate this configuration. The minimum field enhancement,

for which breakdown is equally likely to occur from either electrode, is sat-

isfied when r r I/p. For this optimum value of re, which in practice can

be somewhat larger and not change the results significantly, the behavior of

f and f2 is shown in Figure 2. 6 as a function of p. The comparison with ex-

periment is good to within 5% (see reference 7).

For a given value of R, it is possible to show that there is an

optimum value of rI by looking at the behavior of f 2 " It. is clear' that F1op=

3 or r = 0. 33 R, r' = 0. 11 It. It should be noLed that liyan and Walley{7)

report a much better agreem.ent between theory and experimunt using these

results than by appro>iAnating the geometry by two crossed cylinders.

2.2.6 Crossed Unequal Cylinders

This problem is treated in detail in an article by Harper and
(8)

O'Dwyer. The results are difficult to present in a useful way, and it is

recommended that the original article be consulted. For crossed equal cylin-

ders, when the spacing is large compared to their radii, the formula fol

parallel cylinders can be used.

-15-
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2.2.7 Rogowski (Bruce) Profiles

In many experimental situations, it is desired to produce a par-

allel disk configuration in which the field strength is nowhere greater than in

the center of the electrode system. Cobine(9) gives a review of the original
(10)

analysis performed by Rogowski. A Bruce profile system is slightly easier

to fabrieato, but in practice there is no difference in their electrical properties.

Rather than describe the analysis for the Rogowski contour, only

the results will be given. As shown in Figure 2.7, suppose that one desires

a gap spacing (to an infinite ground plane) of distance a, and a flat region which

extends to a diameter D . Let h be the acceptable deviation from the flat ole

would allow at the diameter D (typically h 0a 0;- 1 -2tol- 3). This, utilizing0 0

the rurve shown, (Itliiucs a valuu or d . Then for- any value of diameter 1),

define d = (D-DI) t d . The.n [roun Ilit! nrw nn(e t:an determinu h and in this
0 Q

way produc( th ev whole cont)lur. In praticc!, ilh, pro['ilu is terminated with a

radiused edge in ihe low ficld region.

2.3 Analog and Digital Techniques, with Applications to Mixed

Dielectric Problems

As was mentioned previously, real life high-voltage systems

rarely take a form which is amenable to analytic solution. In order to study

real configurations, use is normally made of either analog techniques or

digital computer programs. Analog methods rely on +ie fact that Laplace's

equation occurs in many other physical situations-- e. g. ,steady-state heat

flow, mechanical stress distributions, gravitational fields, ohmic current

conduction, hydromechanics, etc. -- and that by solving experimentally for

one problem one, in fact, solves Laplace's equation for many other situations

(in particular, the field distribution problem in electrostatics).

The most commonly used analog methods -- Teledeltos paper and

electrolytic tanks-- rely on electrical conduction to establish the equipoten-

tial surfaces and field lines, and are only useful for configurations which

-17-
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have one symmetry axis (x-y symmetry for Teledeltos paper, and either x-y

or cylindrical symmetry for electrolytic planar or wedge tanks). The con-

ductivity of the analog medium is constant in space and time, and because of

this one can look at the following Maxwell equations:

C S
0 r

+ =0 (2)

j:a •(3)

Combining these, we obtain

. (0L L + -) (4)
St 0 11'

Aside from an initial turn-on transient, one can consider a situation in which

the externally imposed stress (or really, imposed potential on the boundaries)

is either dc or ac.

Typically

o 106-108 cps (5)

o r

and for a 1 kHz applied potential,

10 cps (6)

-19-
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t Thus, the time derivative term is negligible and we can write

E= V = o (7)

or, in other words, the field distribution within a conducting media is exactly

the same as in a non-conducting case-- this, of course, being for the same

electrode geometry.

To see how a wedge tank simulates a cylindrically symmetric

geometry, consider a tank whose bottom is slightly tilted (50 to 100) from the

horizontal. Taking the Z-axis along the "shoreline" (the intersection of the

free surface of the conducting media and the bottom of the tank), we can look

at the conductivity variation within the conducting media in the direction nor-

mal to the Z-axis. In any plane parallel to the Z-axis the area of conducting

media is proportional to the distance from that axis, and thus

o ,- X

Thus, from the equation

)-

we get

o 0 (xu oV) + QY 0 (8)
x ox 6 X 2

which is precisely Laplace's equation for a cylindrically symmetric geometry.

While use of a conducting analog may seem completely straight-

forward, there are many experimental subtleties to be considered. Rather

than list them all, which would require a rather long document, the excellent

-20-



reviews in reference (2) are recommended. These articles also describe how

mixed dielectric mediums can be modelled using the conduction analog.

Other analogs which have been used are resistor networks and

rubber membranes. While not as flexible as the conduction analog, they have

historically been quite useful and are capable of giving very precise field de-

terminations. However, it is probably fair to say that with the advent of

modern high speed, large memory computing systems the digital computation

technique has come into its own as a fast, extremely flexible and accurate

means of determining field distributions.

The essence of the digital computation method is the replaceunent

of the continuum of real space by a mesh of discrete points,and the rewriting of

Laplace's equation in finite difference form. While an excellent review of

numerical techniques is contained in reference (2), we will consider a few

details here. First, one should consider the type of mesh to be used. While

many regular "star" configurations are possible, the -aost convenient one to

use is the rectangular mesh, or more specifically a square mesh. Since com-

puter memory size largely restricts the use of numerical techniques to two

dimensional problems (x-y or cylindrical symmetry), the square mesh sim- I
ply means that the spatial increments used are the same physical size in both

dimensions. Laplace's equation can be recast in finite difference form by

using a Taylor series expansion:

2V
V(x + As, y) = V(x,y) + s + 1 (9)6 - x 2 6 2

x

and

2V
V(x, y+ as) V(x,y) + s + I V L (to)

6 y 2 o 2

Noting that
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t 2V V(x + s, y) - 2V(x,y) + V(x- as, y) (iQ)
2 2

x AS

and

2 V V(x,y_+ As) - 2V(x,y)+ V(x,y- As) (12)
62 2

y as

then the equation

2V 2_ V + = o
62 6 2

x y

can be re-written as

V (x, y) 4
(13)

In practice, the problem is set up so that boundary conditions

(electrode surfaces and potentials) are part of the program input. The finite

difference equation given above is cycled through iteratively until the pro-

gram has converged to the solution. "Acceleration" factors (see reference

(2)) are often used to speed up the rate of convergence, and for not too com-

plicated geometries 5 or 6 cycles are all that is required to obtain a solution

accurate to a few percent.

Dr. Jack Boers, at the-Sandia Corporation in Albuquerque, has

written a general program for numerically solving Laplace's equation and a

description of it can be found in reference (11). Mr. John Shipman of the

Naval Research Laboratory has taken this program and modified it somewhat.

''h, r)rograms of Dr. Boers and Mr. Shipman both handle mixed dielectric

-22-



problems, and it is this feature which makes them extremely useful. While

the solution of Laplace's equation for a single dielectric media is difficult

enough, mixed dielectrics present a much harder problem. In this case, one

really has to solve the equation.

v. D=o

where

D= E
o r

with the added requirements that the normal components of D and t1he tangen-

tial components of E be continuous at the interrace between two dielectrics.

The programs which are available do this automatically.

An optical analog which is often used in dealing with dielectrkc in-

terfaces is the Brewster angle. In optics, if a wave of the proper polarity

strikes an interface at an angle to the normal exceeding the Brewster angle,

the wave will be completely reflected and no energy transmitted across the

interface. However, in pulse power systems the wavelengths of interest are

normally large compared to the transverse dimensions of dielectric inserts,

and the phenomena of "evanescent" waves assures that energy will in fact

flow through the interface. The Brewster angle analog is probably most im-

portant in terms of grading considerations. This comes about because one

dielectric media may dominate the problem, and large changes in slope occur

in the field lines at an interface. This change in slope can lead to a bunching

of the field lines in certain regions and thus produce a very nonuniform grad-

ing. In such cases, interaction between the designer and computer program

can usually lead to a nearly optimum design.

-23-
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SECTION 3

DIELECTRICS IN GENERAL

The science of dielectrics can be said to start with Otto von

Guericke who developed the first electrostatic machine in 1660 and shortly

thereafter made the first insulated lines. About a hundred years later Ben-

jamin Franklin pioneered experiments with really high voltages, although it

must be admitted that some of his experimental equipment had been around

for some time. By the early l800s underground and submarine cables

had been demonstrated. It was not, howCv(e',- uiiiil i[w lates quarter

of the 19th century with the invention by Edison of the electric light aid the

subsequent growth of power genoration and distribution that research and

development in dielectric technology was supported by significant economic

resources. From then until the late 1920,i when the special demands of

nuclear physics started, dielectric technology was associated almost solely

with the needs of generation and distribution. Th(e 1940s saw the beginning

of high-power radar systems leading to modulators and tubes operating at

voltages as high as 300 kW, and the early 1960s suw I Ilie- f'irst d1(velopnients in

high-power pulses for the simulation of nuclear weaplons effects, with volt-

ages now as high as 15 million volts.

There are several excellent review articles and books on dielec-

trics which provide good introductions to the subject, and many literature

references for more detailed studyb These tund, howevc., to be more rele-

vmat to industrial applications, for example to t he p)OweL' industry, than to the

pulse power needs of the Department of Deufcn.-. Some of these aruticles and

books cover dielectrics in general, but more often they ace restricted to a

particular dielcctric medium such as gas or liquid. One of the broader treat-

ments is in the book by Clark(1) which provides an excellent and _)rnprehen-

sive review o. solids, liquids and gases. His text is directed towards the

needs of the industrial designer. For example, ionization and aging, critical

-25-
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to reliability and longevity, are treated at length. These factors are not

uccessarily as important for some pulse power purposes, in testing equip-

ment for example, where feasibility and cost for a shorter term need may be

more important. The reference includes a long list of visual, mechanical,

chemical and electrical properties which can be important in the selection of

solid dielectrics. Chemical and mechanical properties become particularly

important where longevity is required. A comprehensive glossary of terms

used in dielectric technology is also included.

Probably the most valuable book on liquid dielectrics is that by

Adam czc wski. Fortunately an updated (1969) English translation of the orig-
(2)

inal Polish work is available. Most of the important [actors in design

using liquid dielectrics are discussed. Although the iiiforxnation tends to be

more theoretical than-I practical, there is much of real value to the practi-

tioner. One of the unexpected but valuable features is a lengthy discussion

of the effect of ionizing radiation on liquids. The book concludes with a use-

ful tabulation of the Various theories of liquid bI'reakdown Logether with the

basic assumptions and supporting experiimental data. Koko(3i) has wýrittcn a

much smnaller', less compr'ehensive but newverhchlss useful book on liquids,

basing his approach on the several imipurity effects (colloids, particles, floc-

eulation, bubhls, acidity, etc.) wvhich in practicc dete rinine t1he0. strUngth of

liquid diclecttvic systcms. The chapter.s,- covwering for'maLive time lag and the

eff'ect of gap spacing are particularly relevent to pulse power applications.

The ic arc inany books on solid dielectrics, most of these tenling

to cnl)phasuize the theoretiucal asp"•ts or' hioakdown, polarization, etc. One

(4)
of tiu, most u.secful froln :i practical poini of view is that by Whiuteicad. His

Vixt discusses 1he' various factors which infl{ucnce breajciown aLnd relates them o

to the theories, and treats the subjects of internal discharges with their im-

portancu to liftirnc; and external discharges, including temporai effects. The

concludinfg chapter on working stresses in various solids is particularly rele-

vant. Another volume containing much practical information on solid dielectrics
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is that edited by von Hippel.(5) Some 22 contributors, most of them

writing on solids, cover the field from rubber and plastics to ceramics, in-

eluding piezoeleetrics. The book concludes with a table of dielectric mate-

rials which summarizes the measurements of the Laboratory for Insulation

Research (MIT) on the complex permittivity and permeability of more than

600 dielectrics for a frequency range of 102 to 2.5 x 10 cycles per second,

and for temperatures up to 5000 C.
(6)

Meek and Craggs have written one of the most definitive texts

on breakdown in gases. Dielectric strengths for high pressure gases, in-

cluding electronegative types are given and there is an excellent treatment

of irradiation and time lags. High frequency breakdown is discussed at some

length, as is the formation and expansion of spark channels, an important

consideration in switching. This book together with the review article by

"Trump in refueence (5' novcrs very effectively the field of gaseous dielec-

trics.

The onit 1o) on electrtical breakdown in vacuum is that by Sliv-

(7)
kov, which C nslatet, althIouh U l ere are seVyeral extI 'lieant c-

view articles. (8 11() fawley anld MUil land have )1111i[shlt'(l art i telexed bib-

liography on vacuum us an insulator. (i0

Many "actors iniluence dielectric pertorinance, and although these

will be discussed in detail later. it is useful to treat theni briefly at this point.

The factors include field str'ength, field polarity, total voltage, electrode

area and dielectric volume, purity and homogeneity, electrode material and

surface condition, electrode coating, pulse dtration aUni rt'CjtUteney.

3. 1 Field Si rnglthr

"The param eter nornially used to chaiactet'ize the ''quality'' of a

dielectric is the maximum electric field which it will withstand. Since this

can vai-y quit(, significantly when the factors just listed are changed the

strnfgth is obviously not necessarily constant for a given dielectric. T-owever,
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m1ost of" the processes which lead to breakdown are stress dependent, for ex-

ample Townsend's ionization coefficient (ca), or field emission from surfaces,

and in almost all practical situations, all else being equal, breakdown develops

at constant field strength. Probably the best known value of maximum field

strength is that for air at atmospheric pressure and temperature which breaks

down at roughly 30 kV/cm, whether geometry generates a uniform field (break-

down) or a moderately nonuniform field (breakdown or corona). For highly

nonuniform fields the stress for corona onset in air can be significantly higher

than 30 kV/cm.

At this point it is useful to discuss the phenomenon of field emis-

sion because of its relevance to several of the important processes in dielec-

tric breakdown.

3.2 Field Emission

Electrons can be extracted from cold metal surfaces by the appli-

cation of high electric fields, a process contributing to the failure of many

diclcctr'i's at high stresses. Yowler and Nordheirn (12) using quantum rnechanics

theory and a one dimensional surface potential harrier model obtained an ex-

pression for the clectieon emission current density J(O t QK), which can he sim -

plified to a good approximation to the expression

J of AE 2 exp (16.42 x 107 Cp 3/2 amp/cm (i)

wherc I,: is in V/cm and the emitter work f'unction cr is in clectron volts. The

factor "A" del,,,nds on the work function and is equal to 3. 5 x I(- amp/V2

for tungsten (U = 4. 5 ev). Adamcewski(2) discusses the situation whecr emis-

sion is into a me:dium of dielectric constant E great'er than one,, as with a

liquid. The presence of the medium reduces the work function of an electron

passing f'rom the metal to the liquid by the value 0e6p where
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feE/s(2)

7

Theoretically, fields of the order 10 V/cm are required to give

measurable field emission, but in practice emission can be detected and pro-

duces electrical breakdown at levels two orders of magnitude below this be-

cause of field intensifying micro projections on cathode surfaces. In vacuum

experiments intensifications at least as high as 150 have been measured. (13)

Where field emission conduction is occurring, a plot of the logarithm of cur-

rent divided by the voltage squared against the reciprocal of the voltage yields

a straight line, as would be expected from the above Fowler and Nordheirn

expression. In general, on a large area surface several sites would be emit-
(13)

ting, and Tomaschke et al. have shown that the combined currents from

a group of emitting points produce a linear Fowler Nordheim plot.

3.3 Field Polarity Effects

Where nonuniform geometries exist, which is the more usual sit-

uation, the dielectric strength of the system can be significantly influenced

by the polarity of the most intense field region, which of course normally de-

termines the voltage breakdown value. The clearest situation is with vacuum

dielectric because in that medium field emission is usually a dominating pro-

cess (ion emission does not occur until fields are two orders of magnitude

higher). Consequently, when the high field region is negative vacuum insula-

tion strength is much less than when it is positive. On the other hand the re-

verse tends to be true for gases and liquids, probably because of space charge

effects at the negative electrode modifying the electric field values when the

intense field is negative. As an example, the direct breakdown voltage of a

negative point to plane in air can be twice that for a positive point. With

liquids the polarity effect in general is not so evident, although negative fields

required for breakdown tend to be stronger than positive fields. The differ-

ence is very marked with fast pulses when negative strength can be better

than twice the positive.
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3. 4 Total Voltage Effect

This term is applied to the condition where the maximum electric

field which can be withstood falls as the dielectric spacing is increased. Some

dielectrics are much poorer in this regard than others, the worst case being

vacuum. With vacuum it becomes increasingly difficult to hold direct voltage

as the value required exce ds about 100 kV. Above this voltage region break-

down processes related to the higher energies achieved by particles in this

medium determine voltage performance. This effect is experienced also with

high-pressure gases, but for different reasons, and is most evident where field

strungths are high in the first instance, that is at high pressure. Where the

breakdown strength is low to begin with, for example in air at atmospheric

pressure, there is essentially no total voltage effect if uniform field condi-

tions can be maintained.

3.5 Area Effect

One of the unfortunate facts of high-voltage design is the increas-

ing prohability of failure at a given stress level as size increases. Admittedly

with larger equipment there are opportunities for introducing, for example, I
new sources of contamination or field concentrations, but even without such

effects, using the samnc insulating medium with its basic variability, a reduc-

tion in strength must be expected from statistical considerations. This is

essentially a "weak link" phenomenon and Gurnbel 04) has expanded at length

on the theoretical foundation of extreme value statistics which predicts this

effect.

Using the results of this theory, it is possible to predict from

data on small area samples the performance to be expected wilh much larger

areas. This, of course, will be the maximum performance to be expected,

since increase in scale may involve new limiting factors not associated with

the basic variability of the dielectric.
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A number of tests on small samples will give breakdown voltage

values which are distributed about a mean, and usually the distribution is

roughly normal. The probability of breakdown at any voltage is the ratio of

the number failing at that value to the total number tested, and when the in-

sulation variability is high, the standard deviation is high. Hill and Schmidt

give typical percentage standard deviations: air 1-2%, oil 4-8%, paper 6-15%,

laminated mica 10-40%. It will be seen later in Section 6 that this indicates

that the area effect for air will be small, and for -nica large.

A convenient way to study normal distributions is to use a special

graph paper (probability paper) so designed that a straight line is obtained

when a normal population is graphed, i. e. , cumulative per'centage up to and

including a value is plotted against the value. On such paper, which is com-

mercially available, the average value is that where the line intercepts the

50% cumulative percentage line, and the standard deviation is the difference

between this average value and where the line intercepts the 16 or 84 cumnula-

tive percentage coordinate.

For the usual continuous distribution the cumulative probability

of breakdown for "n" areas in parallel is reluated to that for one area by the

expression

cum Pbd = 1 -(0 *.curn p) n (3)

n

where cumr Pbd is the cumulative, probability of breakdown at [1 volts for n
n

areas in parallel and cum p is the cumulative probability of breakdown at R

volts for 1 area. To put some numbers in this expression, if the cumulative

probability of breakdown at a specific voltage with a small area is 1%, and

the area is increased by two orders of magnitude, the probability becomes

64%, and if by three orders of magnitude it becomes greater than 99. 99%!

Hill and Schmidt(15) have constructed Figure 3. 1 for a standard deviation of

10% of the average. These authors also discuss briefly the situation where
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the distribution of values from small sample tests is found to be discontin-

uous. Although the preceding discussion has been using the term "area"

effect, it could just as well be "volume" effect; the pertinent parameter pre-

sumably being determined by whether the "weak link" is associated with a

surface or a volume.

3.6 Purity and Homogeneity

In practice the presence of a "weak" region in the volume of a

dielectric is the most usual cause of breakdown. This can take the form of

an impurity, an element of foreign substance that has a lower strength or

dielectric constant, the lower dielectric constant causing higher stressing

than in the main body of the material because of flux continuity (D = c E M

constant), Examples of this are cavities in a solid or bubbles in a liquid,

'h cases strength and dielectric constant would be lower than in the

i LLic. Discharges initiated in such regions often trigger collapse of the

dielectric system. In the case of cavities in a solid, continual ionization may

lead to slow erosion of the dielectric producing bt-eakdown after a long time

under stress rather than an immediate catastrophic t'ailure.

Other forms of weakening impurity include metal particles which

initiate breakdown by field intensification, and non-metallic particles which,

for example, can form bridges in liquids (flocculation) to channel a discharge.

In the case of the vacuum dielectric, contamination of the metal surfaces on

which field lines terminate adversely affects performance, not only because

of field emission with its dependence on surface work function and micro-

protrusions, but also because of other processes such as secondary emission

and the evaporation of surfaces.

3.7 Electrode Materials, Surface Condition and Dielectric Coatings

The earlier discussion on field emission suggests that the work

function of electrode material and its roughness should be important to the
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p'rformance of dielectrics. This has been confirmed where the medium can

support an electric field sufficiently high to develop emission. The perform-

ance of the vacuum dielectric is of course very dependent on electrode mate-

rial, even different stainless steels perform differently. For gases at lower

pressures, electrode material is not a significant factor because the field

strength remains low; but at high pressures and higher fields, the effect of

electrode material becomes significant. For example, stainless steel is much

superior to aluminum. In the same medium at high pressures, rough elec-

trodes (sand papered but not polished) breakdown at lower voltages than pol-

ished, anll p•eibreakdown currents are much higher. Similarly, electrode

material effects have been noted in liquids, particularly for highly nonuniform

geometries.

Dielectric coatings have been used effectively on electrodes to

improve performnance in vacuum, gases and liquids, presumably through the

suppression of field emission. For example, Jcdynak(16) in vacuum experi-

ments with coated cathodes showed that prebreakdown currents could be 2-4

orders of magnitude below that for bare electrodes, and that increases of 70%

could be :irhievud in dielectric strength. Other workers have noted improve-

nments in the perfornilance of oil(17) and high pressure gases using dielectric

films.

3.8 Frequency Effect

In general, the strength of dielectrics falls with frequency, the

severity of the effect depending on the dielectric and other factors such as

electrode geometry. With gases, for example, there is no real change in

performance from dc to 60 Hz, but if frequency is raised to a value at which

positive ions do not have time to cross the gap in a half cycle a positive space

charge develops and the breakdown voltage is adversely affected. At even

higher frequencies there are further complications in the breakdown process

wheýn the amplitude of oscillations by electrons in the gap becomes comparable
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to the gap spacing and cumulative ionization occurs. For gases, until fre-

quencies above perhaps 100 kHz are reached the effect is not strong, being

most pronounced for accentuated (e.g., point) geometries.

In the case of liquids, for example oil, strength can be increased

by as much as 100% in going from dc to 60 Hz, but falls with frequency in the

megahertz range to almost zero at the highest frequencies (approximately 10

MHz), apparently because of thermal breakdown. With solids, strength falls

with frequency, again usually because of thermal effects, although partial

discharges where cavities exist can also be terminal.

3. 9 Statistical and Formative Time Lags

Between the time of application of an overvoltage and the collapse

of a dielectric there is a delay which is known as the time lag. It is a most

significant feature where impulse voltage is concerned because the lag times

are usually of the same order of magnitude as the duration or risetime of the

pulse. There are basically two types of time lag. The first is known as the

statistical time lag which exists because of the need for an electron to appear

in the critically stressed region in order to initiate the discharge. The other

is known as the formative time lag, and is determined by the time for the dis-

charge once initiated to develop across the gap.

The statistical time lag is influenced by the degree of preioniza-

tion or irradiation of the gap, and various techniques such as ultraviolet light

or radioactive sources are used to remove or reduce this time lag, particu-

larly where the dielectric is in a calibration gap. To obtain a statistically

reliable design for an impulse system, it is obvious that the design data used

should be free of perturbations related to statistical time lag.

Expressions have been developed for the formative time lag in
(6)

gases based on cumulative a and y (Townsend) processes in the gap. One

of the simpler of these is

-35-
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a exp (-b/V)/(V-V) (4)
0

A
here a, b are constants and V is the direct breakdown voltage. For very

short pulses, for example less than 100 ns, information is limited at high gas

pressure, but Felsenthal and Proud(19) have published valuable information

in the range from one atmosphere down.

Formative time lag effects exist also in vacuum, liquids, and solids,

the effect with vacuum being most dramatic at larger gaps with very short

pulses ( < 100 ns). In this time range, breakdown strength in vacuum can in-

crease by almost two orders of magnitude over dc strength. In practice, solids

tend to have the shortest time lags, largely because the operating stresses are

higher, which can lead to problems in insulation coordination- -it is preferable

to have flashover of the environment around a solid, which will recover, rather

than have the solid puncture.

3. 10 Tracking and lFlashover

Tracking is a term describing action along the surface of a solid

in vacuum, gas or liquid. It us'ually indicates a permanent loss of strength

related to chemical change at the surface, the voltage being limited by con-

duction at the track. Flashover is used to label a discharge or spark close

to, and influenced by, the solid surface which often leads to tracking, although

tracking is not produced only by flashover. Tracking on a surface can develop

by surface ionization or conduction at high fields, particularly in the presence

of contaminants, and antitracking agents can be used for control. Some mate-

rials have much superior tracking properties than others.

The pruvention of flashover requires good electric field design,

particularly to reduce the stress at the dielectric terminations. In general,

solids with low dielectric constants provide better flashover strength, because

S ith a sliid insulator the field at the terminations, where the dielectric meets

rro.tal, is in' rensed according to s/ca' where cs , a are the constants for
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the solid and ambient respectively. Lucite is an example of a good material,

* having a low dielectric constant and very high resistance to tracking.
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SECTION 4

GAS DIELECTRIC

4.1 GeneralDiscussion

If electrical insulation were chosen purely on the basis of intrinsic

electric strength, high voltage equipment would be otally encapsulated in a

solid dielectric. However, although some smaller equipment such as isola-

tion tranisfornic rs are insulated in this wa~y up) to seve cal hlunldred kilovolts,

the difficuilties in making liomiogenouts solid dieleel.ctrc st ructures on larger,

extra highi voltage equiipment usually lead. to the ruep ttion of the( solid i-ned-

ium, and IlWc USe' ol' liquids or gases as the niznai insuiaiit fromi ground. -

IPor reintilU UVn us 10 lW fPeqtie n y applii it lion s at higher voltages

anld largec I spactiligs, the uýse Of li qLiB ii ele (1-ic H, U sLUlly tin oil, presenlts dii'-

ficultics becaulse (i1u)I, l' and! other iin jtil eite(s (Sec~tion 5). As a colise-

qltenlct, gase~mus due'le lie'S, uIsually elect rongZl lye ga~ses at hiigh pressure,

are on ýcli ext e 1151 e ty inl low 1'vl'tU ely ye 1') h iglh voiii in ge cLiii mait-t and

are l)11'1iIltl ilea 1',sinlly lused alsHo at tn)odf''ately highl \ollageH.

AdVent age's ot gas dueledtýLlic, aparllt fhor1 a1 suIteriot' strength for

s0111 c ituiatiol 5, aiii't that it 1has a vi' i'y 11()w 1(1:5s, is 5Il iii-iflwaitxiab le and ele an,

aliic is SeilClilg ilcIl ii''tiI Ioccur's. It tk[H() is ]i''h1t , all tou)Lgh- at highefr

[irt~ssul'(' 1ie colilhijim-1ien ve~ssel ('all Ite heavy. '['he( dii-lccteic colIstaIlt is

closc to tinlily ti [i'soicaplict~ion1S, kWt eXirtIp~i(' I~it-;-laiion1 with Minli-

inu111 ll cit! y Hi Olagi', thins can h UVtI'alart agiot.s. I)isl~ttVatltag(25 comnpareLd

Wvill It 11iidS, i 1Ii Li(I' I~ tie '(I. (ca-l I I JI l''jl~opt Iti':5, altidt 11k It' l'' i~tci at high

jti'i'Sttl'' ollilt ((ltlpjlflAssiVi' elu(rgy. 'Itysicalj pl'opet'tie5 will he dis-

cUSse(d Pal cr* ilSel 't-cint 4.86.3.

(las diclectriI ( is 115cc!, for example, in highi voltage, low loss

p ic ci sionl cii] acit ors, () t~axi a] power- transmnision, ()switc.h gear,(3

t~ ~~~4 ran-iltl cr5,UI (5)]piv tjilcs and almnost ttilveirsaiiy in ye ry high

''oltago zwtecelerators.
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Several theories have been developed to explain the electrical

breakdown of gases, and that which is applicable depends on the range of pres-

sure and gap spacing. The first understanding of breakdown can be traced to

Townsend at the beginning of this century. He defined a quantity ct , known

as the first Townsend ionization coefficient, representing the number of ion-

izing collisions made by one electron drifting one centimeter in the direction

of the electric field. The value 1/ a is consequently the average distance

between ionizing collisions. An initial electron current i Cnamplifies to i e eC e

over a distance in the field direction. The coefficient cy is proportional

to pressure (p) and consequently it is convenient to specify the value Ce /p,

a function of E/p, for a specific gas. Towrisvrid, in examining conduction

through gas gaps, concluded that other processes could contribute to current

growth, particularly by augmentation at the calhode, and he identified these,

in combination, by a second Townsend cocfficient y, defined as the number

of secondary electrons produced at the cathode per electron produced in the

gap by primary collisional ionization. This factor y is a function of E/p.

These effects lead to the following expression for current across

a gap with spacing 8

i e

1- y (e -)

Current instability, i. e. breakdown, occurs when the denominator is zero, or

S(e - ) = (2)

and since usually e I [ breakdown occurs at y e = 1. Townsend's

equation can be used to justify Paschen's Law, which states that breakdown

voltage depends only upon the product of pressure and gap (pd). Figure 4. 1
(7)

gives Paschen's curve fox- several gases, including air.

It is common to tabulate the intrinsic strength of" a gas at atmos-

pheric pressure, but these values should be used with care, particularly at
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smaller spacings, below 1 cm perhaps, where breakdown fields can be sig-

nificantly higher than at larger spacings (Figure 4.2).

The speed at which insulation strength collapses under some sit-

uations, for example, when pulsed voltage is applied to a high pressure gap,

requires explanation beyond that available from the Townsend mechanism

alone. Tt has been postulated that the electric field in the gap can be significantly

enhanced by the electron/ion pairs generated by the ct process and thus lead

to the development of "streamers" which can be both anode directed, and cath-

ode directed. The electrons, of course, have high mobility, and ions low

mobility, which leads to the type of field pattern shown on Figure 4.3.

A streamer, in contrast to the relatively weak and exponentially

growing Townsend avalanche, is a conducting filament of highly ionized gas

which constitutes the initial stage of a spark channel through which the exler-

nal circuit discharges. The process of streamer development is shown dia.-

grammatically in Figure 4. 4. In the first phase a positive ion space charge,

shown here at the anode surface (Figure 4. 4 (a)), is developed by avalanche

effects. In the gas surrounding the avalanche, photoelectrons are produced

by photons emitted from the densely ionized gas in the avalanche stem. If

the space charge field is significant compared with the external field, these

electrons start auxiliary avalanches directed towards the main stem. Posi-

tive ions left behind by these avalanches effectively lengthen and intensify

the space charge of the primary avalanche in the direction of the cathode

(Figure 4. 4 (b)) and the process develops as a self-propagating streamer.

This transition from avalanche to streamer, seems to occur in air when eQX

20is the order e .The higher the overvoltage, the earlier thfe occurrnce

of the transition.

Apart from the observation that the avalanche is invisible and the

streamer brightly luminous, there are large differences in the velocity of

propagation. The avalanche progresses at perhaps 107 cm/second whereas

108 cm/second or higher is more typical of streamer propagation.
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In general, at smaller gaps and lower pressures breakdown can

he attributed to the Townsend avalanche mechanism unassisted by streamer

development. However at the larger gaps and pressures the space charge

field attains a critical value before the avalanche reaches the anode, which

generates mid-gap streamers. Raether (8) has stated that above pd = 1000

torr cm streamers develop during the breakdown process, although even

lower pd thresholds (approximately 500 torr cm) have been postulated.

A concise treatment of the Townsend processes is given by Devins and Shar-

baugh,(10) and Meek and Craggs(7) treat the streamer development process

in detail.

With regard to the speed with which a gap breaks down, it is gen-

erally assumed that because of the relatively high speed of streamer propa-

gation the elapsed time between the nonconducting and "fully" conducting

state essentially consists of the time the avalanche mechanism takes to build

uJ) to the critical charge concentration for streamer development. This is

important in switching gaps. If there is more than one free clectron avail-

able at the start of the avalanching, for example if the gap has beeýn overvolted

with a fast risetinic, ot if laser initiation at the cathode is used to cause break- I
down, multiple avalanches can develop together and the critical charge concen-

tration is reached more rapidly than when only one avalanche propagates, i.e.

the formative time lag is less because of multiple avalanching.

The breakdown strength of a gas is highly dependent on the value

of a , the number of free electrons per centimeter produced by one electron.

This in turn depends on the energy a-quircd between collision; the greater the

number of collisions per centimeter ihe less the value of a for a given field

strength. Consequently a falls and electric strength rises with increasing gas

pl',essui,, uui', Lhe larger the gas molecule and its cross section the

lower the value of a , which leads to higher strengths. However, a more irn-

portant factor in obtaining high strength is the electron attachment process.

The removal of electrons from the avalanche by attachment to a neutral mole-

(:,.e, produces relatively immobile negative ions and increases dielectric
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strength considerably. The most important electronegative gas is sulphur

hexafluoride which has a strength about 2. 5 times that of air.

In general, it seems that the larger the molecular weight of a gas

the higher its electric strength, as would be expected from the above com-

ments. Unfortunately, the boiling point also tends to rise with increasing

molecular weight and dielectric strength, so that some of the more interest-

ing gases electrically, are liquid at room temperature. This can be seen
(11)

from Table 4. 1. Reference 12 provides a valuable discussion of the sev-

eral high strength gases which are of commercial interest. Table 4. 2 is an

extract from that reference.

To determine the best gas, pressure, and high voltage system

configuration for a particular application, several important factors have to

be considered. Generally, the requirement is a high voltage equipment de-

sign which will perform satisfactorily and with the best overall economy, in-

cluding capital and operating cost considerations. Dielectric design usually

starts with the given information on the temporal form of the voltage to be in-

sulated, its amplitude and the general shape of the equipment at high voltage. 4
The stress which can be supported may depend on the waveform of the voltage;

whether it is continuous, alternating or pulsed. The breakdown stress can

also be influenced by the magnitude of voltage to be insulated, and the area

under stress. With a knowledge of these parameters (the area need only be

roughly known) suitable gases, pressures, and materials for the stressed

surfaces can be determined; the fiual selection usually being based on overall

economic considerations. The usual stressed surface material is a metal,

but interesting data has been obtained on dielectric covered metal surfaces.(13)

Because the high voltage parts have to be physically supported, it

is impossible to design gas insulated equipment without considering the prob-

lem of solid dielectric flashover in the gas. Generally the distances required

to be safe from flashover are much greater than for breakdown through the un-

bridged gap. In designing the stand-off insulaCion the wave shape of the voltage
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is again important, as is the stand-off material, geometry, surface condition,

end configuration, and of course the surrounding gas.

In the following section gaseous insulation under continuous stress-

ing is discussed, with the subsequent sections treating in order the differences

introduced by alternating and pulsed stressing. Section 4. 7 separately ident-

ifies studies involving gas insulation which were prosecuted for specific DOD

objectives and which consequently may be particularly relevant to the goals

of this survey. The final section under gaseous insulation treats more gen-

eral design considerations, including the important physical factors such as

cooling properties and stored compressive energy. Typical operating stresses

in equipment are given.

4.2 dc Properties

4.2.1 Air (Uniform Field)

The most commonly used gaseous dielectric is, of course, air,

which has electrical properties equivalent to nitrogen for most practical pur-

poses at atmospheric pressure, and being generally somewhat superior at

higher pressures. The performance at pressures below one atmosphere can
(7)

be determined from the appropriate Faschen curve on Figure 4. 1. Com-

monly the strength of air at atmospheric pressure is taken as 30 kV/crn, but

as shown on Figure 4.2 the strength rises significantly above this value for

smaller gaps, and falls slightly below 30 kV/cm for larger gaps. There have

been many studies of the breakdown of air gaps in uniform fields, primarily

for voltage calibration purposes: these studies have included the cor-rections
(7)

required for humidity and density. Most of these calibration experiments

have been conducted using power frequency voltages, but the results differ

very little from the direct voltage case. The curves on Figure 4.2 show

closely corresponding ac and dc results from several investigators.
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At the relatively low electric fields supported by air at atmos-
(14)

pheric pressure the breakdown voltage is usually highly reproducible, Bruce,

taking extreme care, reports maximum deviations of 0. 15 percent. This in-

dicates, as discussed later in Section 6, that area effects in this insulating

environment should be very small.

As pressure is increased above one atmosphere the limiting elec-

tric field increases, at first in an almost proportional fashion. Howell(15)

has obtained data for air at pressures up to 600 psig as shown in Figure 4. 5.

Trump et al. (16) present similar data for air and nitrogen/carbon dioxide

mixtures which demonstrates the importance of electrode materials at the

higher field strengths (Figure 4. 6). Further data on high pressure air is

given on Figure 4.7. Felici and Marchal(17) have shown that the cathode

material is the more important factor, although it seems that the anode mate-
(16)

rial also has a significance. Surface roughness is another important factor.

For example, careful polishing of an originally sandpapered surface can in-
(15)

crease breakdown voltage by as much as 60%.

At these high fields the scatter of breakdown values becomes -

large, indicating the presence of a significant area effect. Figure 4.8 is a

typical sequence diagram from breakdown tests showing also that there is

a pronounced conditioning effect. The final conditioned value after sparks

have removed dust particles or surface contaminants can be 50% higher than

the initial-- an important design consideration.

4.2.2 Air (Nonuniform Field)

When voltage is increased in a nonuniform field gap system, cor-

ona is often initiated in the region of highest field at a potential appreciably

below the breakdown voltage. The initiation voltage is determined by the de-

gree of nonuniformity of the field. For example, with sphere to plane geom-

etry it is impossible to distinguish between corona onset and breakdown when

the gap is small and the field close to uniform, whereas at larger gaps when
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the situation approaches the point to plane configuration, corona develops at

the sphere at voltages significantly below the breakdown value.

Nonuniform field geometries tend to fall into the following general

configurations- -coaxial, sphere to plane, point to plane and point to point (rod

gaps). Examples of these arrangements will be treated in that order, pro-

gressing in general from atmospheric pressure to high pressure properties.

Coaxial geometries have been studied by Uhlmann using both dc
(is)

and ac. The data on Figure 4. 9 compares both polarities with ac, the

broken curves showing that corona developed on the smallest diameter cylin-

ders at voltages much below breakdown. In the absence of corona the maxi-

mum field supported on the inner wire is approximately 38 kV/cm. At the

smaller internal cylinder diameters, the space charge produced by the corona

modifies the Alectric field in the region critical to breakdown, which accounts

for the high breakdown voltages at those geometries (Figure 4. 9). Howell(15)

has obtained curves of breakdown voltage at higher pressures for four differ-

ent cylindrical arrangements (Figure 4. 10). As shown, there is a distinct

polarity effect with the smaller set of cylinders. With the larger cylinders

Howell found it in possihle to obtain satisfae.tory vali(s [I'M the1 positive polar-

ity which ranged ercratically hetween 50 and 80 pe ieint of the negative value.

Sphere to plane geomietries give ficld dist ributions which vary

from near uniform siluations when the gap is small compared to the sphere

diameter to highly intensified fields around I lie stdie cr when the gap is large.
(to)

Ganger has studied sphere to plane gaps a;l preMsstr' s fronm zero to forty

atmospheres (gauge) with results given on l"igurt, .1. 11 and -1. 12. ,'igure

4. 11 for a 5 mm diameter sphere, shows :i periioiiitt',.d ; l'fecct. It is

worth notilng that here, for example at 2j) atmosph,'rcm gaii,.,', the positive

value is grreater than the negative, whereas at lowk.,' peessii ;yes, for example

at less than about 7.5 atmospheres, particularly for the more nonuniform

fi.ld conditions (d large), the reverse can be true.
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Point to plane gaps have been studied in several forms, in some

cases the plane taking the form of a sphere of relatively large diameter. The

"points" can be needles, hemispherically-ended rod, conical points or square
S~(18)

rod (typically 1/2 to 5/8 inch in section when used in rod gaps). Uhlman

has reported for both polarities the performance of conically pointed and

hemispherically ended electrodes at gaps up to 9 cm (Figure 4. 13 and 4. 14).

The presence of field distorting corona below the breakdown level makes it

difficult to determine before hand the performance of nonuniform field gaps,

particularly where the gap is small. This is well illustrated by the informa-
(20)

tion on Figure 4. 15, and is a further reason for designing high voltage

equipment to be corona-free.

Howell(15) has obtained the data shown on Figure 4. 16 for nega-

tive point to plane at pressures up to 550 psig. With positive points there is

usually a pronounced peak in the breakdown voltage characteristic, as shown
(21)

in Figure 4. 17. This is attributed to a modification of field in the gap

caused by space charge accumulation. The fact that nitrogen does not show

this peak in contrast to the electronegative gases suggests the importance of

negative ion space charge.

Point to point gaps generate a field distribution which is accen-

tuated at each of the points. With points of similar geometry, the breakdown

voltage is influenced by polarity with respect to ground, as would be expected

since the field at the grounded point is less than that at the high potential point
(19)

(Figure 4. 18). As the gap between points is increased, the breakdown

voltage becomes less dependent on the geometry of the points and this has led

to the use in commercial practice, [or calibration and protection, of rod gaps

of square section, typically of 1/2 inch or 5/8 inch side with square-cut ends.

4.2.3 SF 6 (Uniform Field)

Apart from air, the most widely used gas for electrical insulation

is SF 6 ) a relatively dense, electronegative gas. Its dielectric constant varies

-61-



!!i

120

son

G &

40

C,0 .1 -24' ]1 1 7 &
dI icm,)

Figure 4. 13 dc breakdown voltage curves for air
between a 300 conical point and a plane

(atmospheric pressure).

-62-

I ...... 41



+
$ /

dod

C0 I U . 4

d¢cm)

Figure 4. 14 de breakdown voltage curves for air between

a hemispherically-ended rod, of 0. 4 cm diameter, and a plane

(atmospheric pressure).

+g

*00 5-I
+[

(j_

C' 0/ 05 O 04 C 0 6, 00 0 * 0 5 IC II 12 II 141 /.t I..
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diameter is 5 cm. The shaded area indicates an unstable region.
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almost linearly from 1. 00 to 1. 07 over the range 0 to 22 atmospheres. (22)

(23)
The Faschen curve for SF is shown on Figure 4. 19, and Table 4.3 shows

6
the dc, ac and standard impulse breakdown voltage under, near uniform field

conditions at pressures up to four atmospheres. (24) There are no large dif-

ferences in breakdown voltage at each pressure and gap as the temporal form

is changed. A maximum difference of 22% exists between power frequency

and impulse sparking at four atmospheres and 0. 5 cm. The dielectric strength

relative to air is seen to be close to 2. 5.

For economy, sulphur hexafluoride is frequently mixed with other

gases such as air or nitrogen, fractions of 10-20% giving dramatic improve-

ments in strength over the base gas (but see Section 4.8.2). This is shown

in Figure 4.20 where the strengths of SF' and nitrogen mixtures are compared
6

with those of the pure gases (upper curves). The lower set of curves shows

the performance with SF6 and air' mixtures. The large superiority of air' over

nitrogen at the higher pressures is worth noting.

Further data on the effect of mixing SF6 with gas at atmospheric $

pressure is given on Figure 4.21 and Figure 4.22 which show clearly for sev-

cral total pressures that with a small fraction of' SF 6 performance approach-
(25).6-

ing that of pure SF6 is realized. The curves also indicate that the same

pressure and gas fraction characteristic pertains w[th an insulator bridging

the gal, although at a lower' voltage level. Figure 4.23 shows the effect of

adding 5% S.F to a high voltage accelerator insulated with 50% N and 50%
6 (26) 2

CO 2 , and of adding 1% SF6 to an 8.0% N 2 , 20% CO 2 mixture. This accel-

c!rate r had a coaxial geoni ,ry o1' effective lcngth about 10 fret, outside diam-

e,ýtc r 75 inches and inside diameter 29 inches. The inner conductor was neg-

al ive.

Studies of high pressure SF6 at several hundred kilovolts have

also I•er,' made by Nitt.rouer (27) using electrodes consisting of' a 12 inch

di are,.rr'. flat brass ri' l g siLII-'rounded by a 24 inch diameter "guard'' ring.

"IIII,; Irig wa; Isii raui' o1 aluini mum and had a Iiugowski , 1itocLP, to [pWes('seve
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uniform and maximum field conditions in the central region of the gap. Fig-

ures 4. 24 and 4. 25 show the data obtained. Comparatively few of the dis-

charges occurred on the central brass electrode; most developing between

the aluminum contours and at the junction between the brass and aluminum.

parts.

Several investigators have studied the effect on high voltage per-

formance of a dielectric coating applijid to the(, electrodce surfaces. Figure

(2)
4. 26 shows data obtained by Trumip and P'hilp wlhc't an initer coaxial con-

ductor was coated with glyptul, glass or Iuc(4ie to a t hickiw, 's of 1 . 1 Mm. It

can be seen that with bare metal the maximum voltaige ins, lcadtel is higher

when IhI inmer, higher ficlt:, condtIee-1t o is po)sitive ,'ather than negative,

which might he expectedl fr'nc u liton field enission antu its potential effect

on breakdown. Tilt, application o0 a die lt' tic to the high field (inner) con-

ductor roughly dotbles the insulation strutgilh when lHit conductoor is negative

becautse of the suppression of field emission, andl hls liltI' e•f'fect when it is

positive.

F'or conditions where III' fielhd ilitcisific('tliol is iiot great as cvi-

denced by tte corona onset appiroaching, or coincidlig a jilt, th, breakdown

voltage there is good agreement tulrkuLkeLli hii t, ipwfie 'rkquency 0ml d(c |prtform- f
ance, and poweir f'Prq tiLncy dati ('an ca u iised I' i' dr" tcsign antid vicu versa.

" ~(20)
This is shown on Figure 4. 2.7'"(hr 1/2 inch Spw,,'c, to plane elect rodes.

This figure also shows the iupe rior st rength of liet point to plaeite gap, rela-

tive to the spher'e to platile galp through sjnmCU ehari'gc nicldificat ion of the

field. This is because of tle intensc corona in 1lhc point to plaie gap, a m-iost

undesirable u tnditlionll n in ost pieaclicii siluttion0s Ihtt' tlltse of chelmiical del e-

rioration of thhe SF 6'

4.2.4 SF 6 (Nonunitorni Field)

Howard has studied extensively the dielectric properties of SF 6

at different pressures and with various electrode geometries. (24) Figure
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Similar resultL have subsequently been obtained with different

types of gaps for higher frequencies and voltages. In several of the investi-

gations voltages up to about 150 kV at frequencies up to I Mc/s have been

used. The results show that the lowering of the breakdown voltage at the

higher frequencies is appreciably greater for gaps in which point electrodes

are present than Lor uniform or nearly uniform fields, as sF-)wn by the curves

of Figure 4. 33. Similar studies for point-plane gaps show the lowering at

370 kc/s being 46% for a 3 cm gap and 70% for a 25 cm gap, as compared

with the power frequency values.

In the case of breakdown between sphres or, plates, several of

the investigators record a critical gap) length below which the breakdown volt-

age is independent of the frequency, the criticid gap length decreasing with

increasing frequency. This gap is stated to he 0.45 cm at 110 kc/s and 0.09

cm at 995 kc/s. Consideration of positive ion mobilities shows that these

critical gaps correspond roughly to those for which accumulation of positive

ions may be expected to occur in the gap, with a consequent space-charge

distortion of the field and a lowering of the breakdown voltage. A
Ganger has obtained data on the breakdown of air at pressures

up to 40 atmospheres in near uniform field conditions at t.05 x I05 Hz and

compared it with the dc levels (Figure 4.34). It can be seen that particularly

at the highest pressures, the rf breakdown voltage is considerablyr below the

(32)
dc level. At higher frequencies, in the megacycle range, Bright has in-

vestigated the breakdown of short gaps in air, nitrogen, oxygen, and C Cl F

at one atmosphere, and shown, as at the lower frequencies, that there is a

critical, frequency-related, gap above which the breakdown voltage falls be-

low the dc, or low frequency, level (Figure 4.35).

Aga'n, the effect is attributed to trapped positive ions oscillating

in the gap. In the frequency range between 100 to 300 MHz Pimm(33) has

obtained the breakdown curves shown in Figure 4.36. At much larger gaps

the breakdown gracient tends to a constant value of 29 kV/cm. When pressure
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pressur'e as a function o[" gap length bctwceti plates and

betweenl points for frequencies of 50 cls, I,5 Nlu/iad 1. 0 Mc/s.
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Figure 4. 34 Breakdown voltage as a function of gap hength
between plates in compressed air for dc and 1. 05 x 105 c/s voltages.
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Figure 4. 35 Breakdown voltage curves in nitrogen as a
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Figure 4. 36 Variation of breakdown voltage with gap length
between plates in air at different frequencies.
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is ,,arijd over the range 59 to 1000 torr the breakdown voltage at 200 MHz
(20)

varies with gap as shown on Figure 4.37. The significance of this data

to airborne packages in rarefied atmospher',,s is obvious. In the gigahertz
(34)

range, Cooper has studied-the breakdown of coaxial lines and waveguides

at wavelengths of 10.7 cm and 3. 1 cm. Fressure was varied from 20 torr to

one atmosphere with a microwave pulse duration of 1 microsecond repeated

at 400 pps. One set ot results comparced with the positive, dc ease is shown

(35)
in Figure 4. 38. Using the same microwave frequencies I osin has con-

ducted breakdown studies with pulse duration varied from 0.3 microsecond

to 5 microseconds. For examrple, with a 0.43 (ni gar) in aiur at one atmos-

phere the 3 em breakdown voltage was independent Of imISc duration above 4

microseconds and increased by about 30')"0 %'or a 0. 3 microsecond pulse. S. C.

Brown and his colleagues have studied extensively the 1). G cm microwave

breakdown in cavities and coaxial lines at fractions of an atmosphere, and
0 t6)

developed a new theory of ultra high frequency brtUakdUwr.

4.3.2 Air (Nonuniform FPield)

In electric field systems where the i! is str'ong nt ensificatiori at

one of the elect rodes, corona will be pre (se il over a considecrablc voltage

range below the brcakdown value. As has already been discussed, the space

charge associated with this corona can strongly modify the initial field dis-

tribution and lead to surprisingly high breakdown levels. In the ac case, the
presence oC this corona space chargu fild•hI ('L produce a gap current which

is out of phase with Lhý, voltage across the gap.

It was 1uted pPeviously for the uniform field case, that the fre-

quency of the applied voltage can affect the br'eakdown level. Similarly in the

nonuniform field case, the frequency can influence the voltage at which corona

develops. This is shown on Table 4.4 where the corona onset voltage for

wires mounted concentrically within a 5 cm diameter cylinder is given for
(32)

frequencies up to 9.4 Me/s. The ac corona onset and breakdown voltage
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Figure 4. 37 Variation of breakdown voltage with gap length

between plates in air at 200 Mc/s for different gas pressures.
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Figure 4. 38 Variation of breakdown voltage with

pressure for coaxial-line spark-gap.

Diameter of outer conductor 1. 04 cm.

Diameter of inner conductor 0. 404 cm.
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Table 4. 4 Onset voltage at several frequencies for

visual corona on wires coaxially wilhin a 5 cm diameter cylinder.

Frequency

Wire Diameter 50 1.6 , 3.0 3.5 4.0 9. 4
in mm c/s Mc/.s Mc/s Mc/s Mc/s Me/s

0. 316 7. 95 7.0 G. R5 6.40 6.15 6.01

0.274 7.30 R. 55 6.40 5.95 5.60 5.62

0.234 6.75 5.90 5.85 5. 50 5.00 5.10
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lor sphere to plane gaps is she :-n in Figure 4.39. ( ;e curves A corres-

pond to the voltage at which the corona discharge can be detejted, and it can

be seen that at the smaller gap spacings whcre the field is most uniform

breakdown occurs before the corona level is reached. At the large,, gaps

corona develops before the breakdown level is reached. The tendency to

approach the point to plane gap breakdown voltage at the larger gap spacing

and smaller sphere diameter is quite evident on the figure, and is further

support for the comments on rod gaps for calibration and protection purposes

in Section 4.2.2. Table 4.5 gives minimum 60 Hz breakdown voltage for 1/2

inch rod gaps in air at atmospheric pressure for various spacings, compared

with the impulse voltage levles. Figure 4. 40 shows the performance of rod

gaps (for nitrogen) as the pressure is inc'reascd to 200 psia.

4.3.3 Sulfur Hexafluoride (Uniform Field)

As already noted, the dielectric strength of SF relative to air in6

a uniform field situation is approximately 2. 5, whether the applied voltage is

ac or dc. This relative strength increases as the electric field departs from

the uniform field condition as shown on Figure 4.41. (40) As pressure is in-

creased from atmospheric, the electric strength increases, at first almost

linearly (Figure 4.42).(41) The data on Figure 4.43 for 0.5 inch diameter

sphere to plane electrodes(40) show the performance for near uniform field

conditions (intensification approximately 70% for 0.5 inch gap) and for strongly

nonuniform field conditions (intensification 7 for 1.5 inch gap). At atmos-

pheric pressure the maximum breakdown stress on the sphere is 75 kV/cm

for the near uniform field case and 194 kV/cm for the nonuniform field situa-

tion--showing again the high strength of SF6 nonuniform field geometries.

The performance of SF at 100o C over the pressure range up to 40 psig is

given on Figure 4. 44 (46 where it can be seen (cf Figure 4. 43) that the in-

crease of temperature has dropped the strength by 15% for the 0.5 inch gap.

Howard has investigated the effect of frequency on the strength of SF6 and

S~-90-
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Figure 4. 39 Breakdown voltage and corona onset voltage curves

for sphere-.plane gaps. The point-platic breakdown
voltage curve is added f'or' comparison. (Curves A are

for corona onset. Curves B are, for b)reakdown.)

Table 4. 5 Minimum l)r'eakdown voltages in WV for GO Hz and •

impulse voltages applied to gaps between 1/2 inch square

rods in air. Polarity shown is that of the unr-grounded rod.
(barometer, 30 inches, t~emperattire, 770 F,

'humidity, 0. 6085 in vapor pressure)(38)

Gap in Inches A C. 1/5 usec Wave 1. 5/40 usuc Wave

0. 5 16. 5 22 23 22 23

1. 0 :32 38 38 311 38

6. 0 105 143 146 128- 141 143

15. 0 21.0 340 335 275 309-342

40.0 545 835 875 G 50 740

70.0 940 1425 1515 1095 1235

100 -- 2010 -- 1530 --
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.1ij.VXII Ii;k.I itI r-€i ri ains substanrtja. j j (.' ons' :ý.rjt ,,or I, r rir•r.al"rf, - f , orn,'
(24)

Ic, will,, Ir'tj f:irt -:,'s ;, 1 shown o ;. t sbjiI 4o (24

orf titt'ri !r: j! r.,iil jvvel.y high for s-Wrn:Ji pr.nl ges of 16- Figur': 4.45

show:-;, eor (-vxarnpie:, t.hat cji r, /.,jilh 15 Si F" 'j X Jw) r has -''Ac-e 'h- streun 4.h
(22) . (

of p r, air. (22

I r,:r),e r'j I, with ne(:ar" urifomrn field :onditi-on q % ar, 5P 0 iSi

ili lxtI r's 'u rH t)sw: P hu..fS , ifl.' rr:r hciY nakdob',-'Mom is eeol. pr'erY - cr. : ... qr+. na, -hle

eliat r'ai. tO str'oglh (cor.resspo)nds to t!cat of thy. dc polari,, ,.'hi( h has hr: lo".v rr'
(42)

v;,.Jc' (usualiv u•aewWive), Ka.'.aguhi Ae aE.(4 have shown this in their sud:.

or the: power' frt:jquncy, switrhing i-ipuillse andI stundard inipuise strength of

SIF in] neart unifor'm fit]Id (:,tditionjs (plane-pMane', sphe•r.-s:i wez'u. and coaxial).

Vol t;ges upi to 1. . 5 MV weere use~d. ()ve r' thec, jpri st oiri rang': efxainimer, IIp- to-

4 kg/(r 2 (57 psia), Hy found that Mhe posilive im[ipulse: s-; ' ,ng'i Ias given

2
by th,' f'e!Iatitonshij) CA/i = 86. 1 kV1iumlkglrn as was thu po, -'r freqtceenc>

2n 2
str•rngth or pr- :Ssurv-t:-s up) leo 2 kg!m. Above 2 kg/ci nh, [loe.C freque, fm'

strength ve:r'sus, pressutrc relationship showed a strong l-,vel1ing off. This

c:aei he' seen on iFigour'ec 4.46. ['hey also co nirludced that polarity effects are t

promiemnt a!I pre'ssures above I kg/ /cmn 2 with lihe negalive br'-c.akdown gradient

bc.r(:oming s;ignificantly less than that indicated by I'/je = 86. 1 kV/cm/k!g/cm2

elect ri.ode: material aed sinoothnhe ss we:r'e not imLu port ant in the pro ssur -' range

examined, [I was suggested that electrode arue:a, duration of applied voltage,

and gas pr'50ssure, are influential factor's in lhc' dleccrease of negative break-

down gradie(nts be low the positive values.

4. . 4 Sulfur Iuxat'luoridh (Nonrniform field)

Nitta and Shikuya have studied both theoretically and experi-

mntentally Ilh( discharge characteristics of SF"6 in ionunifoi'm field geometries

under power frequency voltages up to 600 kV peak. The strength of SF6

relative, to air falls rapidly as the field becomes even slightly nonuniform as
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Table 4. 6 Effect of frequency on breakdown in SF6.

990 kHz Breakdown 60 Hz Breakdown

Gap c Voltage (kV peak) Voltage (kV peak)

o. 3 26. 4 27. 0

o.4 34. 3 36. 1

0.5 44.3 45. 0

- 0 8(1 .. .I ' 7 ' I I I"" l I I I I I I iI

60

40

'0
Cd

0 10 20 30 40 50 60 70 80 90 I0

P i.cult SFi. by Volume'

l'igu 'e 4. 45 Eff ec t of' air on disiuctri, Htrength of S UI '
6'

1. 0 inch diamotur spheres-0-0. 25 inch spacinm
1200 cu. inch enclosed vess('l

atmospheric [)1'cssurc--room terniperaturv

voltage in(:rease I kV (ipeak)/minute
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Figure 4. 46 Critical breakdown voltage bet~ween 43 cm

diameter Rogowski profiled electrodes as fun]ction of
p x d (corrected to 200 C)

(a) Sta-dard 1. 1/40 microsecond impulse voltage

(b) 50 Hz .ow1r/ frequenrcy voltage
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shown in Figure 4.47'*. This iL explained in terms of streamer formation

when the avalanche pop.lation is of the order 10 . Good agreement was ob-

tained between theory and experiment as shown by the curves for sphere and

rod gaps given in Figures 4.48, 4.49 and 4.50. The expression they developed

for the discharge voltage (Vd) for arbitrary electrode geometries is

Vd = (E /P)ci UPI ( 1 (3)Rcrit (3)

where (ElIP)crt a constant = 89 kV/cm atm

= field (kV/cm)

p = pressure (atm)

1 = gap length (cm)

= 0. 175 (atm 1/2 cm 1/2)

R = radius of sphere or rod tip

and u = E average/Z maximum (Figure 4.51)

where pR is large this expression becomes

VC = (E/P)crit up1 (4)

It is questionable whether this expression can bc used for all non-

uniform field geornctries, and as a consequence it is useful to have empirical

information avail tble. Examples from the literature for diffcrent geometries

and pressure regimes are given in Figures 4.27, 4.28, and 4. 52 through 4. 56.

*:Strength here is defined as the voltage for either corona onset or breakdown,

and should not be confused with the corona stabilized breakdown strengths
discussed in the previous section (e.g., Figure 4.41).
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Figure 4.47 ac breakdown voltages of sphere-sphere
gap as a function or sphere radius.
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Figure 4. 48 ac breakdown voltage for gap A

(150 mm diameter spheres).
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Figure 4. 51 Field uniformity factor of sphere-sphere
and rod-rod gaps.
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Figure 4. 52 Breakdown voltage curves for various gases be-

tween a hemispherically-ended rod, of 0. linch diameter,

arid a sphere of 1. 0 inch diameter. The gas pressure is 1 atm.
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Figure 4.53 Breakdown voltage curvcs for SF 6 at various
plessuros -" a function of the spacing betweun a hemispherically-
ellded rod - '. , iich diameter and a Siphere o" I. 0 inch diameter.

(a) jbU /s. (b) Negative vod-plane (impulsc).

(c) Positive rod-plane (impulse). II
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Figurc 4. 54 Breakdown voltage characteristics with

point-sphere electrodes for, SF 6 .
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Figure 4.56 Breakdown voltage, nonuniform field, 1/5 inch rod.
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4. 4 Impulse Properties

4. 4. 1 General

The impulse performance of gas gaps depends, to varying de-

grees, on time lag effects. As already discussed, the time lag can be sep-

arated into two parts, one (statistical) relates to the need for an electron to

initiate the discharge, and the other (formative) to the time involved for the

growth of the discharge once initiated.

The statistical time lag is determiined by the amount of preioniz-

ation, and where gaps are used for calibration purposes it is common to pro-

vide a source of preionization such as a uv lanIp, a radioactive element, a

corona source, or another discharge gap. The nature of the electrode sur-
(44)

faces also influences the time lag, as is shown on Yigurc 4. 57. In these
plots the ratio nt / n0 represents the fraction of total impulses having a time

lag greater than t. The statistical time lag has been shown to be related to

the work function of'the cathode and can he decreased as much as 10 in some

sitviations by change of material. lor example, in oie casc, a change of

cathode surface from copper oxide to Elcktron (a magniosium alloy) has been

shown to decrease the statistical time lag froni 5(60 microseconds to 0. 16. (45)

The presence or' intense illumination, for, example that from a

close electrical discharge of several joules, can lower the impulse strength

significantly below tfie dc level (e. g. 20% .(46) This obviously is one way to

trigger a spark galp (S ectiuii 9. 3)(

lelsenihal and Proud have studied the 'ormnative breakdown of

gases using nanosecolmd pulses. In their, case stalistical lag was eliminated

by directing ultraviolet illui'nination from an adjacent discharge on to the

cathode. Earlier investigators had theorized that formative time lag was

based on streamer processes which involve space charge distortion of the

initial, field in the gap. l"elsenthal and Proud within defined limits developed

a theory based on the initial field remaining undistorted and showed that it

-106-



60C

!"0

-1, -I I I L f J5 41 _11 -11.I

0S 
0 JlWCa)

"0 OS J I S 20 53 JO 3.5 •Q 55j

Figure 4. 57 Influence of the nature of the electrode surfaces on the

time-lag distriibhtion curves for a gap of 1. 1 mm between 5 cm
diameter spheres. Tl'he gap is subjected to an impulse voltage

of 6. 5 kV, the dc breakdown voltage being 5. 0 kV.

1. Oxidized copper electrodes, weakly illuminated, cleaned with alcohol.

2. Copper electrodes, unillurninated, cleaned with alcohol.
:3. Copper electrodes, weakly illuminated, not cleaned with alcohol.
4. Copper electrodes, weakly illuminated, cleaned with alcohol.
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agreed well with experiment. A summary of their formative time ineasure-

ments in nine gases is shown on Figure 4.58.

Interest in impulse voltage strength can be roughly classified into

three areas according to the pulse duration. These separate duration ranges

are associated with switching surges, lightning transients, and faster phenom-

ena such as flash X-ray pulses. Switching surges on power transmission

lines typically have durations in the millisecond region and dielectric per-

formance is generally similar to that under ac conditions. No standard switch-

ing surge waveform has been agreed upon to date, however, a wave with 200

microseconds risetime and 2000 microseconds falltime (200/2000) is a good

average of the several shapes being used. Lightning turansiunts on power lines

usually generate surges at least an order of mafgnitude less in duration, which

has led to the somewhat arbitrary adoption of the standard double experimental

impulse testing waveform, with a 1.5 niicrosecond risetime (10-90%), and a

45 microsecond fall to the half amplitude. This waveform (1-1 /2/45) is stan-

dard in the U.S. with the essentially similar 1/50 being more commonly used

in the U.K. and Europe. Waves of 1/5 shape are, also used occasionally for

test purposes, with chopped waves also being of interest for some applications. -t

Dielectric performance under oven shorter duration pulses ( <.l microsecond)

is of interest for flash X-ray, elect ro-magnetic puls(, genecation, plasma

physics and high power radar, and recently high power pulses in both the nano-

second and microsecond range have been required for laser excitation.

4.4.2 Air (Uniform Field)

The most extensively studied gap geometry is that between spheres,

where essentially uniform field condiLions exist for small gaps (spacing much

less than the sphere radius). For impulse voltages with wavefronts at least

1 microsecond, the wavetails greater than 5 microseconds, there is close

agreement with power frequency and de values. The positive strength tends

to be slightly higher, han the negative. The differences. are significant for
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(48)

calibration purposes but hardly so for design. At the shorter pulse dura-

lion,•" lhe improved performance over dc or power frequency voltages, because

of time lag effecls, can bc determined from Figure 4.58. For example, these

curves relate the formative time of the discharge for each gas for each field

strength at a given i)rt•ssure, and there is thus a relation between the c•ura-

lion of the pulse and lhe electric licld necessary to cause breakdown in that

clapsed time. Sew.•ral inw'sligators have studied thc ow•rvolted breakdown

(49)
of sphere gaps in air. For example° Bcllaschi and Tcagm: found a ratio

of breakdown voltage at 0.2 microsecond time lag l.o that at 2 microseconds

time lag of about 1.7 for •heir more uniform field situatio•l (•.g., wilh d = 21t).

4.4.3 Air (NonuJli[orm Fithi)

Very signifi,'ant differenc.cs can I•(' obtaimd between positive and

negative impulse breakdown voltat• fur strongly nonuniforn• l'h:ld geometries
(50)

as shown on Table 4.7, which is for 1,5/40 microsecond wave breakdown

in air. The impulse slreJ•lh o;' red Io plane gaps al speei['ie elal)sed times

for the same impulse waw, can },c comparecI witll lhc 60 llz vaiue on Fit4ure
(51) (52)

4.59. Further voltage time t haraclcristics obtained I)y lrdo et al. and

Bowdler et al. are shown on l.'igurcs 4.60, 4.61. 4.(12, and 4.83. Figures

4. 60 and 4.61 show also Ilm voita£(, which caused brcak•lown witll 50% of the

applications of a 1/50 mict'osecond waw'. ;'it•urc 4.6l shows time to flash-

over values for the typical multiple unil SUSl•ension in•u[aIor strings used on

high voltage power transmission lhles. The p•'rlormance does mI differ

markedly from that of long rod •aps (Figurt. 4.60) whim tile 5 inch per unil

spacing is used to calculate lhe length of lhe siring, lrigures 4.62 anti 4.63

present the impulse volt-time chatacteristics for parallel wire conductors

(geometry on Figure 4.63), the polarity indicated (with respecl to ground) be-

ing that for the conductor furthest from ground. In lids very nonuniform field

situation (as with rod gaps) the geometry, i.e., diam•'ter, of the conductors

is not impor• ant.
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Table 4.7 Positive and negative impulse breakdown voltages

of point-plane gaps, rod gaps, and wire-piane gaps in air at
200 C, 760 mm Hg, and absolute humidity 11 gm/m 3 ,

1.5/40 microsecond impulse wave. Voltages given in kV.

Gap Poist.plans Rod W-p WinelrA

in cm. + - + - + -

100 539 045 662 720 570 0 12
125 673 1.140 803 885 705 1,140
150 807 1,305 045 1,045 841 1,328
175 941 1,502 1,000 1,205 976 1,515
200 1,075 1,670 1,230 1.370 1,112 1,682
225 1,209 1,830 1,370 1,530 1,2t7 1,845
250 1,343 1,980 1,115 1,6U5 1,383 2.000
275 1,471 2,125 1,655 1,855 1,18 ,
300 1,611 2,260 1,800 2,020 1,654
325 1,745 .. 1,940 2,155 1,789
350 1,879 .. 2,080 2,285 1,925
375 2,013 .. 2,210 2,400
400 2,147 2,320
425 2,281 2,4256i
450 2,415 2,512 .

Ai

/ '1'

I It

*00

No• °

20 7
0 to 0 JO 4, 0 s o '0 0o

GJD sPociog I'm)

Figure 4. 59 Positive and negative impulse voltage

characteristics of rod-to-plane gap.
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Figure 4. 60 'r'ime-lag curves of standard
rod aaps (1/50 microsecond wave)

and spacings to give 50% breakdowns vs. voltage.
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I'igure 4. (•1 'c.'iic-lag curves of suspension strings
of insulhior's, 10-inch diameter by 5-inch spacing,

without az'cing l'ittiiigs (1/50 microsecond wave).
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Figure 4. 62 Inpulso volt-time characteristics of parallel

coiiductor - conduclor gaps (at 760 mm 1-1g, 200 C, not

corrected for humidity conditions (with negative impulse)).
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At the higher pressures Nonken(39) has studied the breakdown of

r(od gaps in nitrogen. Some of his results are shown on ]Figure 4.40. It can

be seen that at the lower pressures for the larger gaps (e. g., 6 and 10 em)

the impulse strength exceeds the 60 Ilz strength, whereas in an intermediate

pressure range, for example at 120 psi the reverse is true.

In the time regime below one microsecond Martin(54) and col-

leagues have studied the breakdown of highly nonuniform gaps (point or small

sphere Io plane) during the development of precision switching techniques.

They found, that for positive points or spheres prediction within 10% is given

by the expression

k = Ft 1/6 d 1/10 (5)

where l7 is the 'averagd' field strength (voltagc divided by gap spocing)

in kV/cm.

1 is the elapsed time above 88% of the maximum voltage in micro-

seconds.

d is the gap in ca.

and k is a constant given on Table 4. 8.

Table 4. 9 gives the constant k for negative points or, spheres.

The above expression determines the field to give breakdown at a

specific gap after a given elapsed time, primarily on a rising wavefront.
(55)

Crewson has discussed the streamer development considerations used

by Martin to justify expression (5). lie pointed out that in the case of a fast

rise and exponentially falling wave, where the requirement is to withstand

stress, the time (t) which should be used in expression (5) is one siL:th of the

decay time constant. Crewson develops information out to 1000 microseconds

to show safe distances for an exponentially falling wave. However, experi-

mental information for air above one microsecond (e.g. , Figure 4. 59) for

large gaps shows that the weak dependence of breakdown on the gap length,
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* i ';khl(: .1. 8 Values or k = / / for posiive poini or small sphere.

p absolute 15 25 35p.s.i. 1 5 3

Point 24 33 37AIR n
Small Sphere 20 28 33

FREON Point 40 43 46
Small Sphere 45 51 55

Point 48 55 59SF 6  Small Sphere 60 66 69

Table 4.9 Values for- k--f'or neýgativ,- poini and smala sphere.

p absolutc 15 25 35p. s. i 15 25

AIR Point 25 38 49
Small -phc r. 17 - 28

FREON Point 67 84 100
Small sphere 47 - 77

SF6 Puint 79 - 1.16
Small sphere 49 - 93
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implicil in expression (5) does not exist in these ranges, and although a logar-
[/n

ilmich plot can indicate at t relationship at a fixed gap (e. g., from Figure

4. 5t) or 4. 60), n is not a constant as the gap is varied. For example, empir-

ical information on rod gaps (Figure 4. 60) with a 1/50 microsecond wave

gives an average stress of 6 kV/cm at 200 cm for breakdown on 50% of the

trials. The Crewson data indicates that approximately 8 kV/cm should be

withstood (equivalent time approximately 12 microseconds). In general the

use of expression (5) should be confined to the range over which it has been

tested---and for which it was developed. The empirical information available

at longer pulse durations is a better design guide.

4.4.4 SF 6 (Uniform Field)

The uniform field breakdown of SF6 and ainxtures with nitrogen

under impulse conditions has been studied by Mulcahy. His data taken

with 1/50 waveform shows (Figure 4.64 and Table 4. 10) the linear' variation

of breakdown voltage in SF6 up to three atmospheres for gaps in the range

0.5-2. 5 cm. The effect of dilution with nitrogen and of the presence of an in- -
sulator (porcelain) across the gap is also shown. This is in good agreement

with the near- uniformn field sphere gap data presented cuarlier (Figure 4.42)

where the comparison with powec frequency performance is shown.
(42)

Kawaguchi and colleagues have studied the impulse (0. 1/40)

breakdown voltage of uniform fields at gaps up to 6 cm, and pressures to 4

kg/Cm2 (approximately 4 atmospheres). Plots of critical breakdown voltage

against pd aurk liticar up to 1. 7 MV (Figure 4. 46) and in good agreement with

an extension of the lower voltage data of Figures 4.64 and 4.42. They con-

cluded from experiments with Rogowski, spherc/sphere, and coaxial geome-

tries that breakdown in configurations which do not develop strongly nonuni--

form field conditions, occurs at gradients close to a limiting value given by
2

L/p = 86. 1 ky/cm/kg/cm . This is particularly so for positive impulse, both

1/40 microsecond and standard switching impulse. Negative impulse breakdown

-118-
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Table 4. 10 de breakdown voltauge (kV) of SF 6in
uniform field gap.

Press• I No Iladiu" Gap (cm) Radmlr/iný ' Polarity i(os)1I o.0 1.5 2.0 2.5 0.5 1.0

15 + 44 88.3 132.9 174.6 213.0

- 44.3 88.3 133.8 176.1 208.0

30 + 85.2 171.0 251.7 85.6 170.0

- 84.5 170.6 251.4 84.2 170.0

45 + 132.0 260.0

- 131.0 258.0
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2voltage falls below the positive value, parlicul~arly ab~ove I kg/cm It is

worth noting that. stainless st eel, co :emd v alumini umn elc(i odes were stud-

ied, ai-ld over the p -essu rc rangu exo nuiied Iht lie mtal used was not a signifi-

cant factor.

The performance of SP.' ( ill Wlil'toim1 field geometries at pulse dur-

ations less than one inicroseconul can- he (l dll' mineti fromn the data of Figure

4. 58 which was experiment ally dcL'te cmine'l Ut voltageos less than 25 kV.
(57)Mulcahy and hi.s9 colleagues have t-xamnu md the breakdown of uniform field

gaps in SIT6 mixtures when1 subjected to 0 rising wave front. The n-AXtU c

used was 10% SF' 40% N, and 50% Ar-gon at 150) psig. The Argon was pre-
6)'2

sent to imrnpove the (lischlaigw swit ChlIrg oif 11We Mixture in a particular pulse

power application. P'igure 4. 65 shouws tIe1 results oibtuined( (dc breakdown

level 195 kV) . Assuming an t'tb ~ctivo I ime giveýn by the( voltage duration

above 63% of the breakidown v.-alue, (a1lterP IMatinl, (5)) I lie authors showed

that their dat a w-lie n icl(- f tt' illt(- we~ll withI ant extenusion of F'igure 4 . 58 to

higher valu tes of p -7, tor' e Xampiii to 10- o2 '11 second.

Sulfu ,o h(afluorid'. i se t o inhiblit t1ý lie tiekdown of high power)

wavuguiules , aui;' ()f tlui:-; ;iii givenot iii u'efcieuice (59) fcr both quaisi uni-

form field and nommuifnrcin fit-hI enii1iutltins whit ii guiideýs for pulsed mnicrowave

frequene~y (2 miicr-osetcond di rat inn ()I typically 2.82 Gliz),

Opeotngteiupii rcea ILIVL' It SIgniIaNUX1.t effect Oil the per'L-

formance of gases and 6I is eec) univno\ ( -; :eeptIio' . Apart frtom chemical

stability, which will b)( lisctisSH'd later, ti eec I' eaCIlC1 St eengftl Of sulfur heX-

afluoride falls quite rapidll ýis !enupeunitiii' iS r1aiIVd aOveti normal an -,

liient, This is shown inl ligtire -1 . 66 wlwieet. Ilw hiitpilsu' 5 sttwilglh is compared

Over th0 range to 10 0" C wilt It Ie unv aeIVW i rug Sl te ;It 11 of, air. (20)

4.14. 5 S 6 (Nonu nifor rie lde()

The inf luence out field uuiiforraity on the strcength of SF 6has been

discussed by Clark (2 ý)usn the data on imipulse strength at ono atmosphere
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Figure 4. (65 Tim,. and voltage depe ndc rice o1 breakdown

under" imput(so conditions for unifoiin field stainless steel

in 150 psig, 10% ST3FG, 4001 N2 50% Ar gais mixture - 0. 58 cm gap.
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oivei onigo cc 4. 67. The electri( field increases in nonuniformity as the "

gap) is increased, and a replot of thl' rliii a oil Figure 4. 637 showing maximumi

electri( field versus gap is shown on UiEgure 4. 68. It can be seen that at the

larger' gaps the dielectric strength tunds to a limiting value of 40 volts per

mil (approximately 1. 6 MV/ in).

A,, noted earlier Kawaguchi (m al. (4)have studied the iinpjUlS(

breakdown of SIT at up to four ati-nosipheres in uniform and modestly non-

uniform field conditions. Their uniformn field performance at atmiospheric

pressure is, in reasonable- agreement wit~h that or Figure 4. 07. Data fromn

tests al pressureos up to about 4 utn-iosphe res with coaxial. cylinde Ps at volt -

ages up to 1. 2 MV is shown onl Figurie .4. 09. Standard deviations are, less

than 5Y,,/, exce pt ror illhe switci t ing imipulse case wvhich is 8"%. It ca.Ln be sucn

that thle po()sit ivcý ion jpulse ( I . 1/4(0) bekongi'adi~iiilts incrias(' almnosi lin-

aury WillIi pre ssure , wllilo. Ilh ne~gal Lye imipulsu g radient has a marked recluc -

2
l ion in its ruat(, or inurease with ii reSSure at abouLt I kg/I em . Th(. p)ositive'

switching impulse 1)reakdown graZ.d ir nt inesswit h pee SSU n r in a similar

fashion to ihe 1., 1/40 wave gradient up ICo aboul 2 kg/cm1 andIi(i 11hi the 1%le of,

increase Withli '0551is'IrCi(i''us The sluop otl~ tIc i eatyeswitchinig imnpulse

curve has a siM il' Ca e IC ange mt at 0onlY I kg I cm 2n~ q1))OUIP Ih rahs I)i ower

feliweiiccy peri'iC)Canct-. ('here. appears to) be an trea <feet sinice the br'eak-

down gradient is highe~st with I he sm1allerV dianiet( i' rlni s

Kiewe. and To-/',-v 00 have studlied lii' hIgh )pressure in'i pulse

breakdown of' StF inl SI eoiigly nonuooiOcrn1 rieldS usinig ;I 1)oilt to p~lane geon l-

e try. B~oth ''standard" (2 /50) and swVitchling (200/13000) imp)ulSe ,(oltages woei-

used. The 50% breakidown values whichl thu), (`1 aihicl Lt dilTe reni pressures

are shown onl Figure 4. 70 (1 atm osphere equals 0I.098 M1N/ In 2). The authors

discussed the1 reJsults obtained with a positive p)oint inl tLrii' rus4 expansion of

corona around i te point to a (cha racte ristic r'adi us. 1i', at that radius, 01

theP first lownsunci coefficient, is greater than 77 , the attachment coefficient,

ihreakdown oCccurs. As discussed earlier, Martin (5)has studied the pulse
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breakdown of point to plane gaps in several gases, including SF in the timu

regime below one microsecond. The constant relating time to breakdown and

average field for SF 6 is given in Tables 4.8 and 4. 9,

4.5 Freons (dc/ac and Uniform Field)

4.5.1 Freon-116 and C-318

Apart from sulfur hexafluoride the major special dielectric gases

are the freons hexafluoroethane (C2 F 6) and octafluorocyclobutane (C4 F8

They have been labelled Freon-M16 and Freon C-318 respectively by DuPont,

and fortunately are usually discussed using this nomenclature. These com-

pounds have been known for about three decades, and were first used com-

mercially as insulants in the early 1960S. They have a significant advantage

over SF6 for high temperature applications, since they are stable chemically

to at least 3000 C(6 1) and consequently are used in equipment, such as trans-

formers, which operate at high overall tempepratureu or with hot spots. The

commonly used refrigerant gas Freon- 12 has also been used quite extensively I
as a dielectric where lack ol chemical stability, either at higher temperature

or under electrical discharge conditions, is riot a limitation. Its dielectric

properties are discussed after the following trealnmnt of F-116 and F-C318.
The boiling points of these special dielectric gases are F- 116

(-780 C) and F-C318 (-6o C) and as a consequence in low temperature situa-

tions, there would be difficulties With the latter, which has the better dielec-

tric strength. However, mixtures of these two can be used to give adequate
(61)

performance in such situations. ()reon- I 16 can be compressed at room

temperature to higher pressures than SF6 (500 psia ef 330 psia) although no

dielectric studies appear to have been made at these higher pressures. In

general, at atmospheric pressure under uniform field conditions F-116 has

a dielectric strength somewhat less than SF although it has been suggested
662

that under nonuniform field conditions the reverse is true. (62)
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Before proceeding to a more detailed discussion of the dielectric

properties of the above two gases it is worth noting the boiling point and high

electrical breakdown strength of some of the other Freons, which are liquid

at room temperature but may be used in equipment at higher temperatures.

This information is given on Table 4. 11 (0. 1 inch gap sphere to plane).

Many Freon gases have been examined as potential dielectrics and

much of the data is on types which are not available in commercially useful

quantities. It seems reasonable to assume that those now obtainable, in par-

ticular F-116 and F-C318, represent the optimum selection from a perform-

ance and oonomic point of view. However, the many varieties which have

been examnined, and their rulatively short technical history, leads to a poorer

definition of their ove rall pn'iVforinancc than is possible with SF 0. This is

particularly true fo' some geometries and for higher frequency applications.

The hazards implicit in xitrapolating from the performance of one electro-

negative gas to that of another is well illustrated on Figures 4. 71 through

(29)

As with other gases, the strength of uniformn field gaps under

power frequency and direct voltage conditions is basically the same. Figure

4.74 shows the uniform field performance of F-110 (C 2, 6) and I'-C318 (C4

F 8) under power frequency conditions at pressures up to three atmospheres

absolute. flxperimentsonYl"-116with N 20 added, have been made to much

higher pressures and voltages, using a short coaxial transmission line with

the r'esulls shown in F'igure 4.75.. The small percentage of nitrous oxide was

added to the F- 116 to inhibit the ormat lion o[' deposits unde r discharge condi-

tions. Until recently it was believed thal runt .- ical discharges in Freon gases

would lead to greater contamination problemns titan in SF6 because of the car-
6 (63)

bon produced. This is not necessarily so, even with uninhibited Freons.

A 90/tO mixtare of F-116 with N 20 is now available commercially. At the

lower pressures the strength of F-116 and F-116/N20 (90/10) is essentially

the same, at least for small gaps (Figure 4.76), and at higher pressures in

-130-

n - r -r~--.



Table 4. iI Strength of Freon vapors at their boiling
point (atmospheric pressures).

Freon El E2 E3 C-51-12 TF

Boiling Point OC 40. 8 104. 4 152. 3 45 47

Breakdown voltage"C 22 27 35 32 28
kV (rmis)

*cf N 2 7 kV, S F 6 17 kV

IG

1C)140

120• o2 04100

PRESSURE - PSI

Figure 4. 71 Comparing the impulse dielectric strength

of fluorinated hydrocarbon gases.

1t",ectrodes - tungsten rod to sphere.
"Test gap - 1 inch.
Wave form - 1-1/2 x 40 microseconds.
Polarity - positive.
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Fi±gure 4. 74 Breakdown voltages versus pressure.
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lag,. r aja systems the presence of the N2 0 degrades the p1r.forniance of

F-I- 1t less than 20% (Figure 4.77).

lExarnples of the performance of these gases uider nonuniform

(61)field conditions are given in Figures 4.78 through 4.82. Figures 4.78

and 4.79 are for square rod to plane gaps, 4.80 and 4.8 1 for cylindrical rod

elect rode and Figure 4. 82, showing only corona .nc',ption, is for' a needle
(61)

point to plane.

4.5.2 Freon 12

Because of its ready availability and cheapness, the dielectric

properties of [reon 12 have been studaiCI quilt eext-ensively. It is one of the

two most commonly use] refrigerant gases, and has a strength relative to air

usually quoted at 2. 42. The other conmnmon reufrigerant F- 22 has a relative

dielectric strength of 1. 4 a ,,d is less useful as a dielectric. The main limit-

ations of Freon 12 arc that it is chemi (ally unstable when in contact with com-

monly used electrical materials at a relzd ivcly low te mpeteature (2500 F) and

disintegrates badly under areing conditions. Nevet'theless, it is interesting

as a cheap material for insulation at room temperature, or for laboratory

test purposes, such as in a uielect vie immersion bath for quick tests, or for

spraying around an insulating structire in air to imnprove temporarily its

flashover propertie.s.

Figure 4.83 shows a 1uasehen curve for Freon 12 obtained by

Howard(24) over the pressure range 0 to 60 psig. Figures 4.84 and 4:.85,

showing the ac and standard impulse strength for" almost uniform field con-

ditions at pressures up to 30 psig, indicates that tile impulse strength whicd

varies linearly with the pressure is significuntly higher than the 60 1lz

strength. (64) Figu re 4.86(24, 65) shows further power fre.,quency and im-

pllse data obtained under near uniform field conditions at higher pressures

and voltages. Freon 12 has also been used mixed with nitrogen, for opera-

tion well beyond the pressure where the pure gas liquifies at room temperature
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Figure 4. 81 Corona inception and breakdown voltages
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Figure 4.85 Impulse dielectric strength of Freon 12,

tested between two 1 inch diameter spheres spaced 1/4 inch.
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(82 psia). Data from tests on mixtures, again under near uniform field con-
(66)

ditions are shown on Figure 4.87. r6he authors found a linear relation-

ship for the sparking voltage (V) according to

V = (88 PS+ 1. 9) ( + t.L08 ) (6)

where V is in kilovolts

P is pressure in atmospheres

S is spacing in inches

F is fraction of Freon by volume

This expression is not accurate for small fractions of Freon, e.g. , less than

5% or pressures above about 7 atmospheres.

With regard to nonuniform field conditions, it is difficult to pre-

dict the performance of a given geometry without specifically related empiri-
(24)

cal data. Figure 4. 88 shows data obtained by Howard for, various coaxial

arrangements. It can be seen that for these systems where the field is non-

uniform, but not intensified to the degree obtained with other geometries, the

strength increased witlh pressure, whether the voltage is power frequency,

direct or impulse. This is not necessarily the case for the more intensified
(64)

field geometries as shown on Figures 4.89 and 4.90. The futility of in-

creasing pressure to improve performance with these geometries is fairly

obvious. It is also interesting to compare this nonuniform field data wilh

that for uniform fields shown on Figures 4. 84 and 4. 85 where in contrast the

impulse strength is higher than the- power frequency. Figure 4.91 shows

breakdown strengths obtained for half inch square rod gaps over a wider pres-
(39)

sure range. To conclude for Freon 12, Figure 4. 92 shows the power fre-

quency, direct and impulse voltage performance, of a point to plane gap at

various spacings. (24)
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.4. 6 Flashover of Solid Dielectrics in Gas

Without using solid dielectrics:L in the gas e~nvironmient for support

3 ~it is iniipossibile to design gas insulated hi gh voltage equipment. In vat ease

tirle vol.1 age lirn it in i h n syste(,m is I e-ajched " ItI n i hies e s olid Supp ort s b re ak d own erIce-c

Irically. '[his usually onctli rs across the, surface. in the ambient, which is generaijy

self- hea,ýLling. Thu term "flas Iiruvrcr'' is uSeOd in t h is discuIss InA only to d enoteL b reak-

down ac-rossý the surface of' solid dielectricý, although it is used more loosely

ci sewhe rt! . Apart f'romi the flIashover stn 'ngth of' a solid dielectric, its alc

resistance and-1 tracking pr'operitie!s arc also r'elevazrt to high voltage design.

Are resistance describes tihe ability to resist physical or' chemtiical. dete rior'a-

tion b~cause of' electrical. ac~tion such as flashov(r'r or' arcing alonig surfaces.

This dclft r'ioration usually stv~ccdb alL ct upr' vol ta'dttherI

because of' excessive leakage ctitrrent or tot al collapse- of' i isulatbigf properties.

Tracking uicitiotes the de'velopime(nt of a conducting patini (usuially) t-iur'on) along

the surface of solid 11Htinsltatiof. The SUlbjCt('I otIr' dU1"'10calior t is tIC-41i with later'

in thre sec-tion onl soit]it di do I rices, anid tire (SCii -UI sc ssio n'ii . 't t t d to

flashlove r. si rength.

aIir U electti cldl y iessc-d gap i S I bri lcit wilt a soli I I iclk'ce--

iric- flwit'flait-rover' -4trengthi is ;xlm ost in vajiabi . less dihan fiiiat of tli u n Iiridged

gap. (Commtonly, tire flashov'r' p'eI'on'ianee or' at swoid dieject t'r; i1S gliven inl

terms of the. ratio of' bridged to rrl;rr'idgr'd zalp a'r'formrre mid this ratLio is

known as flit' spacfr i efficie ncy . hI'' r ejcr vfSf sample-s take, the' form Of

a n'ighl (-ylindr'i whoh~i is jilarrul iii a riniforir fie'ild gap'. alt~hough Pie rwig

i rtituic.-it in gas trarnsmti.ssiurt Ji ies hias,- It'tt i( ruatty ftsoil coaxial sarnitiý

Any red'e- whiriuf citwigi',s tire- sir rfavr 'o[tiiy ' tin'- dieleci tic.

c-ar hirlicntene the Ilasitovr' 54i'refgtii by rnei~fvlug tire eý(lectic Rit! aloi~g the-

surciart'. Ilias is pariCLitJMtlary' imprli ialit x~ I, 'i insuilators arc used inii n atruos-

ii h1-' cc thrý a i: ubject..' to conirairini iamn. L'verr ctangres in 11Irinriity/ canl

iae s igirIfichit. e fft'c.(t (Fig4ure 4. U3M). (9
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The most critical i .gion in the design of solid insulation is at the

terminations where the high voltage or grounded metal parts are attached, in

particular at the region where metal, solid dielectric and the ambient (fluid)

dielectric meet. The term "triple point" has been coined to describe this

region. Where the solid dielectric butts against a metal surface in a gas, a

small gap exists between the insulator and the metal where the dielectric con-

stant is unity. Figure 4. 94 shows a re presentative situation. It can easily be

shown that the stress in the small gap is greater than thal in the solid by a

factor E , where e is the dielc ric constant of the solid. This intensifica-

tion can cause ionization and premature flasliovetr of the solid dielectric. (67)

Figure 4. 95 shows the importance, of goOd cohesion betweell solid dielectric

('38)
and metal. k In this instance the dielectric had a coaxial configuration. In

another approach to ci [n inating field intensitication al. the trildci point, a con-

ducting film (nietal, graphite) is applied to the solid di dccl ric whe re it "con-

tacls" the mnctal elchc-irodhs. figurc 4. 9G iilstrates tihe benefit of metallizing

the terminations of a cylindrical sainpie, (a g' elmn!.1i Ilhat is conlducive to

obtaining flal and sin ooth ,ni-. )( 56)

With regardt to the sigiiifiCaLi ,, 01 nilhe solitd ;;i'.t c! it znaturial on

the f lashove r si si'ingilh, therr' is a tendcliciy tfor in ati r:.'rI le ()I lowte dielectric

coistant to perform bett(er thal tlhose, Ot highhC d it' ctý ccstant, 1)artiCuI-

larly for ac atld ll ml)ulso volta e 8, as nigihl Iit, c t'ci! H 'eO11 the triple pointI-

consideratini 1• (di,-.usscd tpr(.viouslyV. T"ab ,' 4. t2 sliOws Sl,:Ucc r O'I fiH ien!cieCs
(09)

for a variety of mnalteials in SF k•dcer dec 50 Ih.z and 1/50 impulse voltage.

In these te' :; c !, l sj c)tCS c".;,oI,,ylindr(ical with till' endl surfaces calil with

a metal film. Iacaliti oxpenricntis w5ltLt-I.' ti ditltc'ctric sampe's wereO given

various sh ate 5, sLti'll ab ('.inle's with ('e1t'uigt.tI ions, or I"ruinatlcidt cones,

always gav( lower flashover" values thau plain sidud cylindh lrs b[Iidgimg tilt..

sa i,' Eal). ()hiher at1011rs, (68,70) niat ,s;amnh1L ls, agree that platne

dielectric sides ame, tiest in a ,arc tully controlled dusi-frcc enviroinniit, but

this is often impracticable, and then corrugations, or other departures from
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(68)

the plane sided geometry, are desirable. It may be that metalizing the

surtace of the solid dielectric which is in contact with the terminating elec-

trodes is necessary to obtain the better performance reported with plain sided

over corrugated samples. Corrugations are also preferable where flashovers

are likely to occur, since they help to prevent permanent degradation of

strength. Figure 4.97 shows data obtained for one "corrugation" under both
(71)

power frequency and impulsc conditions,

Perhaps the most useful technique f'or optimizing dielectric flash-

over is that of using shielding electrode, as discussed by Itaka and Ikeda. (68)

One method for internal shielding the triple point which is discussed in detail

by these authors is shown in Figure 4.98. The benefils obtained by using this

technique can be seen on Figure 4. 99.

As might. be exlcted, the flashover voltage of a solid dielectric

in gas depends on the properties of the gas. hi general the better the per-

formance of the gas in the unbridged gap, the better it is when an insulator

is present. This is demonstrated on Figu'ci 4. 64, which shows the perform-

ance of a uniform field gap at several pressures and varying fractions of sul-

fur hexafluoride and nitrogen. The data c'omlpares gap p)erfort'ance with,

and without, a cylindrical p)orc'elain insulator- present.

The significance of the tempora] form of the applied voltage ,

spacer efficiency cannot be explicitly defined (sec Table 4. 12, for example).

Initial field distributions in the dc case are influenced by the dielectric con-

stant of the material, by conductivity, and possibly, by charging of the sur-

face due to ionization effects. In general, with appropriate field design as

describ)ed above te, remove high stresses from the terminations, and a suit-

able choice of material, it is possible to achiL.ve spacer efficiencies in ex-

cess of' 80%.

-155-



0 5

w

LL
w

CLJ

CIO

,I Creeping discharge V'alue

-Gas d~ischarge Value

* 0 0.5 1.0

FOLD HEIGHT/ INSULATING DISTANCE

Figu re 4. 97 1iffcc1 of crease length exlension on-

c()axial line spaver character-istic~s.

-1 56-



Coaxial Line

Conducting

Gap I

Rergioni A

Fgr't 4. 9 ConeLvpt of internal shieldcing.

-1 57-



L7~~ZI7' SACER NEC,
'row

boo

bO -AýGASON'Y FOR1,0"

uoO 2,: I AS ONI, FOR IMPULSE

0: SPACER WTHOUr S.E.*

O I 2 3 4

CCIIF: GAS PRESSURE (4/dbg'm
2

fS) -

Yigure. 4.1)9 TIll' effect 01f tho shl(,(ieldg e:to.
(300 min od, 100 mm id, c'oaxial line)



4.7 Government Supported Design Studies (Ga.• Dieie2'f'a)

The pursuit of weapon simulation systems in recent years has re-

quired many design studies involving dielectrics to support pulse power tech-

nology. Several of these studies relate to gas dielectrics, and are treated in

this section. They are segregated because they answered special government

•eeds in the past, and may be equally relevant in the future, and if integrated

into the general text their particular significance to DOD might be lost. Fur-

ther, in some cases the special objective of the studies would be inconsistent

with the more general treatment in the rest of the text.

In the following, only sufficient outline is given of the relevant

material to direct the reader to a particular reference. Most of the studies

were on pulsed flashover and breakdown, and related to emp simulation activ-

ities. The first study treated is an exception to this because the material has

been roughly arranged in order, starting from the de case then proceeding to

the shortest pulse length. Gas breakdown studies which are directed towards

improvements in the switching art, are not included in this material, but will

be covered later in a corresponding section when switching is discussed.

Table 4. 13 summarizes the following discussions.

I.'xperimenls have been conducted to determine the optimum high

pressure gas mixtures (SF6P N2 CO 2) for the dc insulation of large coaxial

line flash X-ray machines (26). In one case a FX-45 flash X-ray machine

was used, having a coaxial line of outer diameter 75 inches, inner diameter

29 inches, and length about 120 inches. The equipment has a maximum volt-

age capability of 6. 5 MV. Figure 4. 100 shows the performance, afteor condi-

tioiung for several gas mixtures as a function of pressure (line negative).

Experiments were also made in a smaller coaxial line machine (1"X-25) wit!h

5%/ SFliG added to a 50/50 N 2/CO2 mixture at a total pressure of 300 psi. Per-

formance compared with the FX-45 for the same mixture was:
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1j.~l1ni Voltage (MV) F'ieiu (l'ViV1r) Lied lrodel( Arc-a (i~ci. inc'hc.-:)

**25 3. 6 19. 8, 200
1-\-45 6.4 18. ( 1:3, 00 0

Reference 72, althoulgh containii og. no original data, contains a

10(1o i(-\1 VIW of' gas, liqp id and solid d t' 'e t cliucs inl su)pport ot' the design of' a

IOW~ i elWIan~k2U111 Sin: uluicr al.te 2 MV l(vel. Theý suction oil gas d i~elc-

ti oms of k:(L n Skippe ,' This refe rence also discussed the_ im1port -

attwc of' good decsign to obtain op timunu solhid li electrinc fla shover pe rtorm ance

ciiud some oxamples, and emphasized the importance of good cohesion at the

junction of solid diuluctric and metal electrodecs. Table 4. 14 (a) shows maux-

iiuia urn d stresses obtained in Ion I hysic s Corporal ion's gas insulated coaxial

lince flash X -ray machincs I oget her with the area of the more highly strcesseud

counductor. (72) Table 4. 14 (b) YivL-es operational stre~sses in two megavolt

elect it oO I gnel ic pulse (um p) systemns developed by the samie cornpany. Both

e-Mp Systems gene tate last riSing (, 10 11S) and eXponen(21tially falling waveV

fOrmIs, the (2r11p-I0 Systeml having a 100 ns e-tfolding time and the enip-28 a

fails heLinlg given in ''Repor ul oil h DeveIrlopen c lve1 OrFVP Gncratoc,01

AFWL- TR3-71)-6(, Air- lFo rue\Vcapons I aboratory, litily 197(0, In Table 4. 14 (b)

counA is I he pulsed st tess inl t coaxial oil I ransifli 5510 line, which inl thelk

c-ase of' the .' in 1)-28 sy stem i,- 1 2 itiichle s od, I , 2 5 in clIie s id anld aboult 20 f~eet

Ilong. 'oluimns 1B and C rpeter to a lucite sheet inle 'face (oil /SW 6 at I atnios-

pltte) wvitht a :ýp~icing or' 201 ficli's for, enp-t) d 4"8 hiti('l(' I'm erp-28.

( dttaii- I) nI L-' r If ' I() tht, Out10 ll ntulracok_ 0of the qrlit, aain U Ilu itke

-d ,wit it sp;wiittgx ()1' -415 inchtes f'or cnmp- 10 and 96 hilChes cI'M't~l-

Tn support of' Iheýit STII'C ' II developroett, I hy~sics finterInat ional

il:s S1U(lied tHtP pulSed it~isewtioni sretigtll of' luc~ite itit'ierc('s itt 50/50 air/

I.r~i12 al one atmnosphterc with the0 conclusiotn that t Itit' ititetlace ilesigit

>1~ 'n : IN/cmn waus saleo. (7)The test g'nnv't l'Y w\as al po~sitive 1 1. 4 (,to
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I: itt.-I .--)( spaced .9 cm frozo tin' orcmioh pitm-t v.hiili gD% fi!a 112111 lnhac--

ink-it of 15:3 Lit the rod. The lois voll( ;ug'n-nd had :,. fast. risoitiine, and a 140

MIc POsiiinhl dIL'cay. TIue( riijnjincitirn VOlgt!i.l ttWhieh hi'.':kdown oc~cirii'd was

276 k~V, corresp5 1 ondling lo) a-i wi~ltitlll s-trless ;it iliii i'eA. (J 412.7 kVicrn. M(1,a -

toirol ii ti. l o t ther Op a c-c illo gt iv l. of 5 /5 lio n I 2/trd V t vil icaic-iO i ii-si i

rn if l)SA s-uppiIi'tdi pc mg lari to d(-ivcJi~p low Oil pudiiii P i'l t 'On

jecillli lollULt i Ii I hYt-ic Co( rpo)1 i)rat ion KU-i (-xi lilii - i lw t ii i i.utiit l ()I dc

chzirged solidi tlichltii.' lie iiis for hiw storl~gi' of iclwrigy willh y 'ry lowý tintpu t

iciei'tiig -tli dj'IpI 1(5hitl~l also lo qiXIlilIll *jIslct-ihvi c-t reugllis in high
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tLujizicllhi' in :301) g; t) (d ' 10 : I-'t /52', N~ miid 5()t:i'rt- I -'i :iitt l iiidriulrt inch It n..l
(I 2

:1ctile\- c- - 'millid l )c n11, i miul'' tels l(mit rllc-rit ~ it m illhov -miipt iie I(I Sla

-im P 11 50 [L,', t I n.lw -i :11 f ori- c-c I It c1;-i ilu It 11 dc iii t-,m it' -

srlon g t .1.~il Lii' I Stilitl Jit- lc h-, K l necka' c-t. iia ~ti tii~ Ic-cýýl I'm I'll,

01ct'rf1 c-Iý111 ' ft'i;ovI I-i Alc-t11 I'i-i lu ( kVh2 a e to ch1,.'ttnig tn' I lii It) IM'd 1)jljt h tIrs 11



"lIfr: 4, I 1a'•.•'j sh :r 'o ;j I f rr r, v--: rn:r. at ,ri s.

Pressure Average VBD Maximum VBD
Sample Length (psig) (kV) (kV)

Permali 1/2-inch 150 220 230
Permali 1/2-inch 150 248 259
Permali 1/2-inch 150 235 235
Permali 1/2-inch 150 237 248
Permali 1- inch 150 400 428
Permali 1-inch 150 331 359
Permali 1-inch 150 372 414
Permali

(Sand-Blasted) 1-inch 150 403 > 469
Permali 2-inches 25 436 > 469
SItycast 1/2-inch 150 103 110
Stycast 1/2- inch 150 110 124
Stycast 1/2-inch 150 120 124
StycaSt 1/2-inch 150 115 132
Stycast 1-inc-h 25 152 166
Stycast 1-inch 25 155 166
Stycast 1-inch 150 257 290
Stycast 1-inch 150 340 359 '1
Stycast

(Sand- Blasted) 1-inch 150 345 345
Stycast 2-inches 25 363 414
Stycast 2-inches 25 375 414
Stycast 2-inches 25 314 345
Stycast 2-inches 25 362 414
EC-1339 1/2-inch 150 124 124
EC- 1I39 1-inch 150 309 331
E-170 3/4-inch 150 186 207
E-170 1-inch 150 317 345
System's Resource 2-inches 25 373 373

All tests carried out in a gas mixture of 10%,• S , 40% N and 50% Atr.
S6 ), 2
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saei In' a 0. 002 in ch mei-- uc: g ap and a radi al f[1as ho ieyrd tnec

mch(ýi.T -hc m Iien ga wa I F6I oN2 at 285 psig and flasviove-r

fiI rd tIeS91

v(?lop t-n1 a ( rupo tod in(75). h reaktiown HI trtitglhbt -v r ;

high volt-age st rip Hlon ztttt ;I ground dlane wvith ed(ge: fiild eohafntn (). 05

011 1he st rip \vas, de Iitt ied fur~l ).5Y/ 30 Iii I Si- Hwith ;11( ttwithIout. Li lucilt it I I'

ta 1. ;i3i101 ,(] ir ýItd 'SI.,(ttl'Jiittt act- -oiti~ (itt Figutre 41, 102 alo)ng

vwith flit rt-Lits intom 1/2 minfh u tol pki itat'tss :plifltt Wore,( ni~st

nWIud M11 tilt vtttesttSPvera-l taldii, spc d 20 ititl 3t0 -tt III v : Zt)V' gintt(Irtl

ill J~ein , Wi ii OWt in tl' SI1 (11 )insiV Ii nti-)Siti el it) T'la 1d 4. 1 7. fin;pit Is

Ite s wtS 1,i i 1n L( t I llSO i (tIe il .I 1 ittelt gapj ill sI' inll ittt-otl I I I t i tttL )li(

1 nt'HsttteOr 1ihjt'tlltottn ri 1.14 is t~~et 25'", higloer inl

StitLtIgtll thin0 St( * Lit1gn(etiti \taiditHWee zl.;tts dtfSigitd ýItl ttt

to M V I \l' It ill tir.

eISigit Itt tI I \f j( ý 11 H 5 C i mttmu SuppI ~)ir~ ittiotiti 1it jettit ttt1 MAXtilt itt e r dial-

trsseýs and gas.- Illtis llt Ii their PX Iitrarhitl -ll .14 i) et

W ],. ,(uen vtt)111(IP l I Ill C ro\WV'r'(1's ret gtmtini Iii s Wj lt d li cl ' ro Iu imlt l(-

\vhiclt (0111(1 he achic~vrd(. Stuie1(S Oit ItIis i r it Itt---f- tl \itL '' IletnW ll

Xv is add dl 1o I he air-.
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10 20 30, 40 So so
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1. Electrodes Without Interface in Air - 1. 8 Lis to B/D
2. ElectroiQs ,'ith Lucite Interiace in i--r - 1. 4 [is to F/C

3. Electrodes Without Interface in Air - 1. 8 ýLs to B/D
4. Electrodes With LucLte Interface in Air - 1. 5 ps to F/0
5. Electrodes Without Interface in Air - 0 9 [s to B/D
6. Electrodes With Lucite in Air - 0. 7 -- Lo F/C
7. Electrodes With Lucite in SF, - 3. 2 jas to F/0
8. I/2 Inch Rod-to-P'ane - 3 [s to B/D
9. 1/2 Inch Rod-to-Plane - 61is to B/D

Figure 4. 102 K•uka(lown vultal,' vs gal) tbir lt t-l
(eleclodeis in air ani SF1%
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Figure 4. 103 Test results of negative polarity on electrodes.
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T lI I' SO V (,rujI g,1.91.- 1 ja rt ic uIa I i tit I: r.-s i k r FI(I:ct r'ici. a ifls Li jt I ofi

haive~ lwl.ll listedl 'A'Lll 11(1i r illl m-itanfi lhlysicol fl()fL(:rti(ýs ()IL f~ l 4. 18. TliF.

ri 1L at i v I. st L~ US~lg 1 U c ' w il I alw ]v( rag of I~t l )1 it , dl Li J 1)1 Ili r i c- st Ic~ l 1s rhý t

l(iLI 1,a lullS. Hft V t I ill OWs (LOClfl lillng hilt Vit S 1 s'~ 5P n IMI oit till wil( that I

Con it ls. Fitr' p iv( :, '51' t [Vlri i, .a lieungs im i. t it,,p i,, 'm(ii I ii fl iII U rir
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i .A I tut' 111d fJlit'H l ilJ VWII' I i'' u tlldiu~t [ lu 'i Iiw lu wl Si;ta ) lil ;II V-:. I i'fL' cOV
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' Iqmu, juhm . (Jltj i s1 I luwk. fi lldca liit l l A!I i> fIcuis ,' I'm ' wIl wI ISt.51 I

Foml wi FL ioil If m 
1I 11: I '1 zll i HL AK I 1.-ciwil i 112' It I i S, 1() r[,FIII i r h sto

ti(i SI -xi-ifl~l' hil~lyý IVrlýlkd Iul'll L(k i h11t ~lI' (11" I iWLL IilV'II11 'iS il LI [w iFI'lit .~

all. i Vý t tllr T':11 ' i ;1 Ill~ gIL p I' ' ' Ill " II l Ioýl . 'I )11 i I V 11, 1( lo' 11,ý J 1ý ll

c r'( iti c a l' 1 '111 w r I& io ll' L I ;I , j l it (I- l i llf1 l ' v l i l c e 7 t) F w G

a - 77 ) d.1x = k = 18 (W)
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*ieSeffect on 1; igh voltagt- pe rforiiiance. 2 Die socr ainid T rump 08

111t c\'Ilinuhw the Uffuet of' Crue conducting particles on the strength of nit ro-

gei n 1w!St 6 iui a coaxial electrode system scveral feect ill leng-th at voltages

up to I . 2 5 MV V. Aluminum particles or size less I han 0.7 '? on were used.

Figur.' 4. 112 and 4. 113 show the r'esult s fomr posit ivoý imh' iwgative polarity in

GI 'I'h' urCves 1hb0cI~e 1, ace' 11 he tesiohld at which significant conduction

Curi'Miit (wA U d tectd With pact iuh('-, S is the( sparking volta:geý (Viii) particles,

and F1 is I eit' 4(1i'rom men ()I' ;i con h;i syMit nmi (hvi onsly, sp~arkotvurt at. posi-

live polam'itY is mnore sensitive 1(o coiltimniliniltting n)lriH n's I mol me(g't i~ve, atl-

thouigh QOfML(Ij('t io cm'11IVIII stalrts Lt aI hiiLjwl' voltlaki'. Iiser ounid that wl-i

J~'iltii' I Otii''11 o[1101' md' 'rioedii'lic](05 From 111 ch'ceetrode region wiid

jIiflti'OVeil t)010'ii'ocnmvie'L Thue d(lI a stio\\ t Ili stromiigy Ladvt.rs( ufleet of par'-

ticu'Ii e co ( lital iim iiit~ioii Ii'm ktl ori ]% O ri-cii'' wiiicy ;ippicj 'it 1 m . As m ight. Iw oýx-

pecled frlont) colnsidui'-tiioli ofi pmiich' iiiLeCtiii sucheiinalnimUation iS less

Sigl)I ruit'ieiii oI01 th ilils 1 ('11. st' Ik .!

IDesjLn' S Ih-P u t l :-4illS kIii itI ( t It iq I) I I I 'ii III 'W(LA ' t I ) I'( )hleu of II deter--

ruining opt eat Petal si miss's:- from tt-iaiito, most51ly firomi small t'le('tl'0(h

tiS' . W11,1 ['uc'toi' ()F ;afc~ty" is iitiidto d[esigim ror largul. areaLS? 'This

is pariCLl11ý1i i'h\ ci~iC oat t hii;ýlim tittSt i'oimgtl Os(light pressures--) hecauseI

area ('efl S ais I lr illitit ge ai i S, 1 is t1 he l'' e lfc OF COHIZf l ii~itiiitS. ['11lie' ls

tionl or d(hSigil st messes Forw difk Ii'Pn ut ylpiS Id' i)IutI'i'ti~li is; WperhpsPetis - -1

su I(lt itet ZI St iihj~t jii 'l t'' ()i' 'ibiW Lill IV I. h kii' f',' Oi 'c i lI (II 13 A'k iI iVli itt

usillf"at ik o11Wh inst)W ll I'o i'S in-'

(2 A\zti foi.' iiili~l ai(as, olef ticlt o trlt'ri100Li11 ('Icti dt'pti

s It I i t,. i it i-(, l i. s'ode riate i '!i t-1Y wi I It1) 1 -t , i -Aoii II t a t t 11) 1 a tic 10'

I'M 
-ý 
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j (3) There is a significant area cff(*et. at thu higher stresses.

For exam pie, conditions giving 51) MV/r a ~t areas of suv-

('Pal square (eflt~ineturs wil l alow)" ab)out hall' this stress At

one squai-e incetr.

(4) 1 'artiCul0 at orntam eaunt.s of' a COnduct ii g nlatu r have i

strongllvy deleterious erffeCt on dieleerl rc performaneeL. FOP

examIHple, ('iP t'v colltam innfl ion is li kI y a (7oaxiLii] sy:se in

.wralgL'd veil iCally will1 IpI-folrr liet t r than one( arvange.d

hor'izontally beca(fuse~ ill ili k)1'illeV (.I' s (U( atVe all out

of, r ilig Mol lieu region. [lhe lb ITic ofcl-:t Liiiloan t.s rall 1w

ti (teti by ilsdil ig p~lrilch i'Nti >1rIet ci (iil gre 5l- (W lie bCt 1-1C

(5) The p' l)('o -altic~t, ot tl' purelect ollegitliViý cOI all be

%,.it il ni In I, g ýn

(Gi) 'Ile' lerl01u1elalner ol grns- gnjns nirlg~el wlvii iisuhlritcrs C.all

ap echt tral Of' tilt' Lllllht'iidg(' tg~l) it' ltood(ldeSign t hI'(lili(Jtl(

Oi re llat e miai, cobecsiomi, S11(4ikdili)

(7) [ý(WIMI' Os colldiitiorlS With CltllreCiVe' (Wltlrtioll ill t1W Illi Cro-

St-coird i.;lirge (I. l,. , 1/ 50 WUiV) JltIOIIs1 U1.51,tllV

slight iv abhove (1 t)20`¼',) tie' dc (IIv ((WII r-Ilioliy 11

forlll;r Inn. Tihe oflect. ot* C(HUl~ ilhaUlt S is ie:-,s Sigýllift'llll ,

.11)~l(Il ow wtrld l.'xpe(t t1ie4 ril'ea (l'fcit to ht' less severe. lotw

ii 1" re ]LH ' s l)(coll' klrlpon'rrllmf ISI5VLiL(( jýi

irrteii~I ll' orn) scv'riila pitllicaitiorrs on ii 11w li~l~' iSI

inlurger' ar-ea systemls is .11ivenl onl Table 4. 1'D. fn genercal, tlwdst' -1tudik(s ai-e

rlat (lIi, to theý 2 Irowiliig irtcetill the USCe Of gasiSul H~lit's Itie tUl(d'!.'rgOlull ii

I eýUrrsrrjjlsSiolt. IeReerel-?lc (81), for example, iliscusscs theý i)(rleinnil LýOf

Iei 5jriirit'phase impos, eacwh 155 meters long, ['1rining a :3.15 k~V I rawnsissioln
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* h 1111' l t)OW(ui' 1 -Y(05 IV -'9j11i'5s 'J('VV higli puliahijtlty .;11id it socniS thto ;I

f'auci'of i-n,11,ty of' about 2 (refu'e~iivecs (81) and (82)) has hii;- dcteonined as

adlequtate al these( lii'essm-cs andi 'it~li stiezigi is9. The I'ChLtivil'] high bi'taik-

dIownI st vet-igthl of the. ltZiS tii;litci,: (r'vnit'()c.itiiiit51) andI (12))

is upiis . It mix'j. I~t' LIMi' to ili t' vl-l't 1a 0-ivnt ationl oF' illh coaxial au'rai:gr'-

Ill i-1it, W IV 1- I '1;1pS I () S~ I Av it al c i ill hatidlil I g ttI S I'' ( te te(ý vI vi Iit coiit vol tII . .

"0-10itat I ( 1 I Itt ZmIii t] i CI';titns Lit lii Kgdit i' voltages t Intl . 1d hI te[or,( iX-

1eitioi'n-lt 1l C(dLlitl~lillit litt' ti' s;I -t n blo('t'mkilowt is tot1 iiisiistiri, andt

as ai i'01i1'9i.1I)L'tL, favttwvs tit s;itt',tv cati Iw imituich s ttiliiIn ! 1w ii powit'v ini-

d I Svt'1-. Attit't t'I'vm't \'(ltiges tiightioi (ý~i'i'ct fielIds ai'i' usually r'cqui1 nr (!

to kUI)ii t'ttlttt)litil -tO/'i it hilli 1t'tasoii~itttt touits , and1 as at coniseqii'c iigtri '

]W1'iS.Sl~-ii' 1s1used. K1(1 )ft m et avatge is m iot, of' thei'fact that ', toy ixaii1 l(', 20%!

ot, SF iii nitirogei ijli'mlis cli Mi 'ly ilit v 'j I*l'illimC(' of' tO F SI' V igil I,(
(1 6

4. 22). l p]rl es of' ot p~t, niat 18i i 'i55 '5 i ii ii egilt/i i tnt cgat I ('I l ipI nmit oje', vatl (r ls

voll syslt tin is hi'( I'X- I0 twit ti inst ailed at 1\ 1VWI. I'his 11101 lisu a hoi'izont ml

teioiiimil of li zwitt MIml midt otuinil s at 12 MVI (19 Nlv/ t) with 111-20% i-i' 6

4,t.8 '2 ('1iiilitCaul SILLhljiji x ;mitt Toxivity-

Iii ias ii ' W lt'' i tt ou ; I ýlistId tlW ' s Ii a y' xi St ll~it t ht')" ' tt t 't ik C It 1w ii t t' JIli

gapl~t silessicl t llo.;ilt tt' pct: iizlt'o Iuu;tlutn'tow lc' ll Alt ttsiist't' tnItl'i-

se t nIl :I I i s' dl~ i I. t 111k'I " '1 I'lC .ý Si 5( I( I'L Ii ýI L',tut [1u L) ( lt'v Iid st W 1 I I I I~t - (Il i

l'lt i i yft uim lo ti t c i Am l it of 't outs i l tl e )L tgis li-i 1 l i~t' l in li t t illj-
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Llectrical arcing, or e~veni corolla, will deg tadc sulfur hexafluo-

ride, producing mostly lower fluorid((-; of so fu r. H-ighly corrosive produicts

miay be formed, particularly in the presence of' water vapor. Table 4.20 lists

somec typical materials in order of inci-casing resistance to chemical attack

by decomposition products (ref. Gene ýrat Chemitcals Research Laboratories).

Decomposition products can be absorbed by circulation through a 50-50 mix-

iture of soda lime anid anl activated aIlumina. (3

Sulfur hecxafluoride is not toxic, but or course will not support life

anid suffocation is possible. Because it is very dense, leaking, sulfur hcxa-

fluoride will tend to rill pits or- other d(Irjressions in t he vicinity. The ducom -

position products are,( toxic, inl sonic cases highly so). As a consequence it

is sound practice either I o vent SP insulated cquipmenet to the outside atmos-
6

plhurec or, to Pump, Via absoit c rs o1f the de cornposition products, into storage,
((G)

Cylinders. Ashbaugh cýi al. have discussedl the use anid handling of SF 6inl

a large vo~lume e-lectl rostat ic accelerator at 60 psigy.

The' FPren gas' s 1'- 1 1 6 and C- 3 18 have better thermal stability

taSF6 an r eaieYi(r h~iul. Tly can be itsect without de gra-

dtation with ýlvarict\, of 11I als and insulating inateriuats at temiperatureOS Up to

3000 C. W Neither of' t hr 51-leeon gases is t oxic or flamnmable, in fart C -3 18

is approved thy iheý tood andl OI )rg Administ ration as a food1 proplellant, Hiow-

(IV(,. ilthe products pr)ll(( at IX('(551V(' 1icinperaUtiii, or ujuIrI- e'lectrical

discharges mal~y be( toxic, a111Ilt 1ý011otfmeitS e 0r11 onl( th andlinlg Of' sulfr

hexaf'luoride fromi tigh volt age, s-YStemls al piy also i o the 1 rcon s. Cons id r -

ing t lie ca t'toii conitentIt I lo oli.s it could be e~xpected that e-lect ii cal diS -

char1ges in Illhesc ae wmild p'lomillee( 111.01co ol~ilLctiig, deposit-s thall inl S'4
(63)

Illowcvce r. I his does not s-W(hh I o I)(- so t'ol F- IlI( and C-3 1 8. (6) e1 coMIiLie-

if~g (C~I )CSil Call b( 1'k dUU 'CI e.ven further by introducing a gaseous inhibit or

such as nitrous oxide, 6:)anid a (10 / IC by weight- MiXtU re of F- 116!G nit.rouIs

oxide. is available comm ercially fromn Du Pont.

Freon 12 is the most commonly Used refrigerant gas, anCd in the

lite rature whore the label "Freon' is used in an unqualified fashion the term
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rk--h l c is to 1`i.on 1 2, As al rear]v nout d it has e xce Jje t dielect ric

*St -('rgi1 h ut is rathe r unstable chemicall~y. It degrades at temlperaturcs

ajhove about 140c) C in the Irosenre( of several common str'uctu ral mate -

1-ial.: such as oil, st ml- and~ copper, and is highly unstable in the preseýnce of

elec~trical discharges. Because of its low e~ost relative to othe-r dielectric

gases Fre.on 12 is veýry attractive for temporary tests, but shouldI not he~

used in seýaledl uquipmilnnt for, permanent ope ration.

4.8. 3 Physical Cons idIerat ions

The use (of hig.h pio(ssurie gas as anl iisuilal ing medi~um requI~ires a

carefuillY decsigned co' t ainni iii yesll. 13,s~ e cause 1he sircl iedne rav in

a pre(SSoriZid ga(S is high, thL- eunscrquencir of ve-ssel I'lher can 5o disastr-ous.

For' this reason cm iiiai 0 is I s ign(?l for pressures aboveý one a1 in sphe re

gauge are subjectl h.ý sltal law t o the ASMHl Unfirerd 1' ccSSru ccVs sri Codeu

Where thle Jii'eSSLuViZ(.d hcLIisIng is a dined trih, deUsign b'comeS h)U1rtiCo1UlaV

difficult.- -lss wellI nulde islo orIc cont rolled. GOr( attract we apphroach for,

very.ý high prsrs islo use L WWIbe wound veSsel1, but rareU MuIst be laken

%vii b the orienltali(.ell of, Fihiers, with l'0spe(Ct to the elect rio field. Correc selec-

tion of natcrcials ainm qu~ality ront rol is very jirmiort am. (8-1, 85)

Tableý 4. 18 showvs ilhe jpl(t551t s at which SF 6 and I hr Frrons of

particula r inte re at; hr(ý re w i [IIiquify at room ternpe rit uree, an(I Ta bl 4. 2 shows

other physical prop-rti-s, s~icrl as dletsity, and the o puic at which 1we

Luas %viii liquitilv at Oltmospheric pre-Sure.

Tn mn),y 1 Ir ions nt' dieleMrt n Iain's tie ility to transmit

I(alt fromle ao vc)1fL~l(io, otthit at highl vcltave, to anl extei'mul Cooled surface

is n1()5i inltmori nat. Foiiuflately, largely brcause, of' liii r high cleuisily, tLi'

plelec onegativeý gase~s t ransfec heat wvell by naturcal convection. The'y are not,

of' our se , as e ffe cliv e as a Hiquid, but are significant lY lieticc than air. At

the( higTher pressur-es the increased density- enhances heat transfer. In tests

with a heated r-oil int SF at atmospheric pressuire, (4)it has beepn found that
Gi



the heat 1 tansfer to Ilit', cont aining lank was 0. fl05 w~atts j1l'? squareý inch) Twe

I ~~degre.1e, incepetleld11 (dfl' Ih irinperatit te li ffot'ttnt'e Iw~w-t - (-oil aCiInd Ftfl~hient1.

*The coefficientt of t ransfer wais aboutI I. G1 I itnes that uIof ai r. Ru0th f'reon 1If(;

Iand Inruon C0-.:18 have greater clensil jes tihan SU G and helter 1w.11 I rtinsfet'l

p IN),( o h li es. rteoti I 1G nti Fre1 (on C'-318 hawlve i het ransfi~ e oeffi ('1 ml re -

sjtertivcly 2. 13 and 2.2!) times that ofnit ((i) 'ceo 12, with a"I nit

c'loser I to SIý' t iýmtan In,(n I t'' iP otr, C- .3 18, pet 'snt h ly hazs heit t I r'ansfr r pro-

Cit'sP os t' to Ihost' of SI"' ' Tlhw tcat.lIt'P tl, i tZ1ings (mt I IIt' high itit1It'r.i -

11.11-'0 litto Ikions- o()1' tt 'on0 1 2 shoun)d he borne in tn itd.
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SECTION 5

LIQUID DIELECT RfS

5. 1 The Atributesand Appications of Liquid -Diricctr'ic s

Insofar as is technically and economnically possible, atmospheric

air is useI EFo thle gene)ral inISuIlation of electriual app~aratus. This apparatuIs

may be concerned with the gone ration, transform'atioii, storage, transmis-

-;ioi, or utilization of ole ctricol-. energy. Generally, for- I1US hese UnCtIons, IWO-

vidud that electieical stresses of 20-30 ky/cm, energy. Storagv of -0. 5 x 1 ()-l

jol6/ C111 3 u]( 5jpecitic dissipations of -0 5 watts /u 2m aPe awceptable,ý t~hen

ither o is 1Ulhcuntivu to resootto uý42 pcvir dle(othri-e media. cag

canib eff-ctedI by veplacing atm osphwvi ae ir Mfhr mn atiLosph(-vic electlxonl.ega-

tive gas (' su-llu1hUXa~flo1'idC, lFIeori, HA'. ).Thi CM)l raLi.se th e2leCt1ijal StieUS'e s

by a factor -~2 an1d the Atored enrc gy by a factot' -4 1)U withouit mate iially in -

creasing thi'' allowable heat dissipation within an eýquipment.

Buyond theý gen in al jwrnorman *e Wi Lch canl be achieved I Y this

meams a designier can re(sort to:

(I 'V reS6trniAed gaLSes 0' gaUS Min tH[UCe.

(2) 1 liqUid dielectr'ics-.

(3) Solid dfeloectcics.

(~-J) Mixed dielectric-:;, I iqiid! solid, gso /sld

For jUdikiolls' choiceS ohu( Irene mu:i,m nfmidier en'tamr inode~s o1 oj.wrationll'lt

mrighit cxp(utc to a( van :c (411 tIH VI ci it jpt1'rioL1W Scm1 ane 1,1 rt elect ne U s8t ye S

Of the 0oidel 10 5( Voilts/CM, Une egy stor'age Of tHe order21 0). 1 joule cm 3anid

specific dissipat~ions of -100 W/ern2 are p)ossible. 01f course, these, levels

of performance atre rarely, if ever, rcqtiirech sfimultaneously.Y

The genrarl selection or a liqiiid insulating meI-WuLm is goveNrued

[by a niumber' of elcutrical., mechanical arid thermal considerations. The
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important factors for most equipment designs are reliability and cost. 21e-

lating to these, liquids provide self-healing media, that is, the dielectric

properties are recoverable after a breakdown. Gases are likewise self-

healing but solid dielectric mnedia are permanently impaired after volume

breakdown. Further, electrical damage is cumulative for solids so that they

have a predictable "lifetime" in a sense that liquids and gases do not. Assum-

ing the technical suitability of the three phases of matter for an insulating

task, the economic arguments for selecting or- preferring one over the others

are complex. One is concerned wilth the handling, installation and mainten-

ance of the dielectzric as these factors relate to the environment of the equip-

ment, manufacturing capabilitics, legal testricti.ons and even personal pre-

ferences.

In these respects, the charaqtc:icis~tis of liqulds are mostly attrac-

tive; the simple contaijunent, case of transfer, voluitie filling wnd impregnating

properties associated with liquids build a strong econemnit case. Additionally,

the cost of insulating oil at ,50,/LIS galprXovjdt's a cost 'cefUPUIIec for all sup-

crior dielectric nmedia.

Over the whole field of appliCations for whic.h liquids are conmmonly 7
chosen ther(, exists a greater diversity of dielcetci , technolog.y than for gas.es

and solids. This is larguly explained by th(e chenmijcd activity of tin, liquil

phase, together with its ability to absorb gases amý i lpr()vidNe a vehicle for' the

solid particles which are inevitably present. The division of the technology

is determined by the influence of those eharac•teristics up1on he110 (liclectL'ic

properties of the liquid aWnd it will he evident in the elstlicig seCtions that the

nature of the electrical stress to which the liquid is sUbcJCttd is tihe critt'rion.

As a colnsequence, equipment opeUratil•g at high duty c'ycles, such

as transformers, power switch gear, certain liquid filled power cables, etc-.

demand a different specification for the various properties of a liquid dielec-

tric from the specification which might be placed for low duty cycle equip-

mont. By low duty cycle it is implied that the equipment operates in an
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intermittent or pulsed mode with low repetition. For highi dul~y cycles, greater

emphasis will he given to the chemical and mechanical properties of a liquid

rather than the electrical properties which are, in any casec, largely governed

by impurvities. In cont~rast, for low dluty cycles, the empihasis isnmore likely to be

onl the electrical properftirs which will tend to be- more intrinsic to the liquidd

for this in ode.

The conceren here is for the dielectr~ic properties of liquids under

certain conditions of duty andl electrical stress. However, the cooling pro-

pris of liquidls Dint cooling, techniqu-es are, most important to the electrical

adelectronic industrie~s Land represent a c~onsidrlcable separate technology.

5.2 thshfcr'e exists ;I[uell.iDerahiirec i ((w c~arried out for the USAF

5.2. 1 Gcex~irr lProwietieýs 01 Li ants

thei11PIln hpi'(Jiirties of liqutid d(hJelctrics m-ay be(. soparated

into three class clea 1hysikd U1111 1"01praioa. o anly given1 app~it-

cation dieLw itrtd wrightii,,. will bc placed Oil the ini)() taline of thl('5( Various

propeI'tiiw, :and the lqidse (iotird shiould Irive projw ci es which are, rnosl

appropri ale hut alwvys withIin tile aececptabil uCost rangt'.

A inaiaiexinanstive listingY Of the-,se' prope)rties are as f'ollows,

(1 hi(ricai P t-ojienties 1{m~ fValues

tDitdt-ct- tic Srength.1 L-;) 10 5 cllc - -.5 x to5 V/cm-1

I )ieleH PIC ConstaniH I(E; 2 - 830

DissipatLion1 Factor (T ann 0. 0001 -0. 0 5

voflnlon itesistivity 10 G _ 10i3 aiim/em
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(2) Phy.sical Properties

Density

Coefficient of Ther mal Expansion

Specific Heat

Thermal Conductivity

Viscosity

Molecular Structure

(3) Operational Properties

Chemical Stability

Compatibility

Flash Point

Toxicity

Cost

II•, as in the previous subsection, one assumes that ,lectrical

equipment may be separated into two ht-oad classifications according f.o its

intended operational duty cycle, then uertain distinctions canl be made be-

tween the liquid dielectric prolt)ety J.'equit'lllncnts of these classifications.

For the high duty cycle equipment, inaintenatnc of any of the electrical pro-

perties, with the possible exception of' dielectric constant, will depend upon

the chemical stability of the liquid in the equipment environment, and this can

often be associated with the degree of coinpatability which the liquid has with

the materials used in the fabrication of the equipment.

Again, assuming that the more obvious liquid properties for de-

sign, manufactuving and perrormance have been evaluated - such as dissipa-

tion, viscosity, etc., t-hent the value of the dielectric constant is of funda-

mental importance. This determines the level of energy storage within an

equipment at the operating peak voltage, according to:

W = 1/2 o E r 2  (1)
o r
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N% hc c''

C = Permittivity of free space
0

e = %Relative permittivity (dielectric constant) of liquid

E = Electrical stress

For reasons of efficiency, system safety and cost, equipments associated
with energy transformation and transmission require the least possible stored

energy and therefore a liquid with the lowest dielectric constant. On the other

haid, corn0por'nts iuI:cndcd for energy storage, that is capacitors, require a

liquid inmpreýg•nant with a relatively high dielectric constant which is also clec-

trically coin patihl!, with the solid dielectric which it is impregnaLing.

1n'or thin low duty cycle, or' pulse, equipments it can be broadly

stated thai tIA t'lcc:trjical characteristics of liquid dielectrics arc given prime

attention. Dicleciric strength is of foremost importance, the higher the value

the morc compact the equipment can be. This, together with a high value of

dielectric constant yields the greatest stored energy density within the equip-

ment. This is often a desirqble characteristic of the. class.

For both these classifications, there ar(c operational properties

which are related to safety and economics which must be taken into account.

The flash--point and degree of toxicity of the liquid are factors of interest par-

ticularly as the required voluwe increases. Apart from any legal restrictions

the costs of handling and protection could he significant.

The cost of a fluid could well influcncc Lhe dielectric choice. In

practice, provided I(lcd tile general properties are mrasonably acceptable, win-

oral oils ar' used for large' volume applications. It is only for small volumes

or special applications that the choice of a liquid may be made on purely tech-

nical grounds.
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5.2.2 Particular Properties of Certain Liquids

The liquids or classes of liquids which find common application

are not too numerous. For a given type of duty, the diclectric str esses which

may be assigned do not vary greatly under practical conditions. The superiority

of one liquid over another depends more upon the properties of dielectric con-

stant, dissipation factor, viscosity, flash-point toxicity, etc. ; the weighting

given to the various properties will be in accordance with the equipment spec-

ification aid the manufacturing processes. With a few exceptions, one of which

may be water, the characteristics and properties of liquids are evaluated

against those of mineral oil, the commonest and cheapest of all. Further, to

a first approximation, the statistical data available for the dielectric strength
of mincral oil under various conditions may 1w tidcen as a design guide for

most liquids.

5.2.2. 1 Mineral Oil (Table 5. 1 and 5.2)

These' oils are derivatives of crude petroleumr, classified as heavy

distillates. The oils are therefore complex hydrhocarbons and the refining pro-

cesses arc- controlled to obtain distillates which exhibit the desired compro-

rnists between best dielectric properties and best chemical stability from a

given crude oil.

Being a significant byproduct of a gigantic industry this insulant

is in abundant supply with a powerful marketing base. The relative cheapness

and overall satisfactory properties have ensured that this family of oils have

the widest application of all liquid insulants. Mineral oils arc extensively

used for transformer, capacitor, switch gear, and mnany other applications.

The major problem with mineral oils is that they are susceptible

to oxidation. The rate of oxidation depends upon temperature and other envir-

onmental factors.

Oxidation brings all the tribulations such as acidity, water, sludge

aWd i'volvwd gases which, together reduce the initial effectiveness of dhe oil.s1 -99
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'Fable 5.2 Comparison of oil testing techniques and

requirements for the dielectric strength of transformer oil.

IELiCT'R()IIFS Specified

Country and Size Shape Spacing Voltage Valuc
Spccilijkltinn (Ind1is) (Incheis) Rise (or New Oil

British (135141) .5-.512 spheres .157 0 to sj1 e;ItiC in
10" - hold for I drrins 3tt kv
inirnle then increase bulk 'I0 kv

I kv/scc

USA (D877) 1.00 disks .tOO 3 kv/sec 26 kv

Ilgciiumi (I-t 13) .394 spheres .079 1 kv/5 sec 18 kv

France (CI .IIC3) .472 splhcres .196 Ihild I minutnte lt1o kv
at each 5 kv rise

Urnirriy (0370/4) .985 calottcs .098 0-10/20 sec 50 kv (dried)

Italy (CRI 10.1) .394 Sp'lte'res .196 I kvi/sec to 410 kv 40 kv (dried)
huid 5 minules

Sweden (SENIl.07) .472 sphleres .118
or - 100 kV/ens

Conc. cy1s. .197

Switiculand (S-VI24) .2 spheres .196 I kv/sec to 30 kv (dhied)
3ot kv . hull
for 3o0 secutds .
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i, clect ricni insulanlts and coolurlts. Much of the- dC(lcýojrnotnt and reseprch

,ictVit% is: direclt d towards the fo rinulatiol) O[ additive-S OF Let aurdanits which

canU reOduce 1hW rateS Of o)xidationl.

The use of minenral oils ill large vol timows i.,- regulated hy the B~oard!

of Fire Underwr-iters. (2)

5.2.2.2 Asa~S ('fable 5. 1 and 5. 31)

3.hsis a f"Unily of synthetiC ilijilid diebL'I t eIC, Whichi arc citlovinated

derivatives of LII010atic hydIrot; iiF ins . Fii, L yi teL , syiw, ine iwu,~ o[ this tclas s

have proprietary tvwle Iajoes-, Such1 its I yr-a.110, AroIdor1I)L etc. Thue Iieeakdowil

prVoducts~. arl- .ssuliim!I to Fl' f.nliy 11.IIVd logi k-11do(h ilde R C(0(1 ehon foe colrectAly

syntheized .I(Flli(FS. Tlwisc areJiiS ifll iiiilin to replwce Ifunurrtal oils- whereý

fire Iiaz aid; ale r vtsti-ivLive ci ald, he vanlsui (I' 1wlF. 'i 1 i rical Stability With grinoItly

reduced 1late of, oxiihit.iwi, to provideý lowe-r- fILIDLCýiifwillic iothal 110 U(wiiriia.J

for H Iinra(]LJ. oHil IS 1-, 1:0( systems.I

Additionuilly, too diolýc~ric ojsaIf iak~es ill i the czlulge,

4. O-ti. 0, IWOVL~hill_0 i WI~tL'r matchk-1 to paper. I ionl riujiwr~du.1 lls) ( --'2. 0-3. 0)

flor inhlle(gil~l Ol F l~lt'jr

this, in111ovi(,F match1 I':-(ts il Frighrve. elwreigy dteirsith's fol. ('0.1)1-

citor unlit" s ad i wide ;evpý re ot, the askarI 5 as ill]pregiiallts.

'itrse ln~jttnlS iLie( F.1irL1M: evefore used 11oimilty ill Ce11)paCitOIr an~d tLl'1015-

formu rsj. As toe most ltcqrids, 11ie "C arc( Short (MinirgS. ThI-ier ES aL hildI.h dv-

glrec 01F toxi(ilv y 1huii1 with llliflh 'cil 0ii5 ale! 11( IMiP)LI' tin iIc-il 1) 16-e P 1)(0iF

patabili ty 'A IFil ti yr oi. a .

5. 2. 2. 3 '~tu i~(T:F;}Lt 5. 1 and 5. F1)

'Iii FoylwroI ire L'[aulily of' -;YIII-Wti(- liCj1i; ! Hr tilvii ; V il'S n

F~1e (Omilyhino). Alwiy rave a wide visvw-otf. 'nreclg(. OHt-Jtlt)( 5:m 01 it 12!'1, (Audic4

ii1-1 , 11(. itnl i 'ialli (al~ly foli t ll t o r v i m 0 i ii 0u a ll dO~t )
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1
Table 5. 3 The characteristics of General Electric Company pyranols.

Ask a'els

#1476 4 1499 .#1478 #1467 #1470
(AI3BI) (AI 31B111) - ---

Specific G(•v'ity
(65/15.5 sC) 1495.1.515 1.405.1.I 15 1.460.1.465 1.560-1.568 1,563-1.571

Refrikc I dex
(25-C) 1.6370-1.6390 !.6290-1.6310 1.5695- 1.5705 1.6137-1.6147 1.6075-1.6085

Total A•.,lity

(M.gK()l ,gt) max (1'110 0.010 0.01 0.01 0.014
Free ( 11hltdv%-'

( I'I'') I'.X 0.1 0 1 0.I0 0.10 0.10
r.,.' Sulft1 is None Nutiie None None None

(I"m) inn 35 3) 30 30 30
Vi'til•y (SSUI5

3-.8 195.205 38.31 52-56 40.45
99 9 ' C " 41.1-48 38--10 ..... ...........

Pout i'tiitl
( iCx) wax 10 0 1t -32 -44

Flit" Point('(JI ni.IX Nom:- 310 None None None
(Color (APl I) inax 100 1501. 150 150 150

]Ili'ltt't r hStc,' vtlt h

K% 3) Y) 30 35 35
DiAcdc li, mt t!

I o' " ) ,t.15., 35 4.6 3.7 3.5-3.8 3.8.4.1

10{1 ( ) xiIl 5011 10" 500 it 10" 5o x I1" I1n . I(1 " 100 X 10o"
Di',tdatn .. al. t Rane ('Q)

liist dlop ..... 310 200 200 210
0o.." P,,iwt 366 378 ...... ...... 232-2.10

5Or.; Ptilit 371- Y319 ...... 210.215 ...... 275-3 00*
9 0or, Point 370.39 1 385.400 390.-OU
D iy Point ...... 365 220 ............

Spcit'fc Ilcit
( ,.Il r'ir ;it

"tk) -5 C ) 262...... 2.61 2.51 2.55

ITl.' cmci Con lit-
tivity ( 50rC) 28 1 X 10-' 3.16 x 10-"1 298 - to., ......

Cttf. otf I xl ,,t ,Iiri
( 1.5- 1006C) .161 0702 .0007 .00070 .00070

* Thns 'A.:lc i5 the 55% ,uI t

;:::Gap 0. 1 inch.
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Table 5.4 Polybutenes--properties, thermal
aging and mixiures..

(a•) 0'o {r i. l' .,nl-

I.
1,' a I. ,I '1 .I20 4I0 4,0r 4'0 5: l-u 2'-.;

\'iJr'. ziI,,l.i ' • 'i ';. 5] 100 (.'1 .;Ih2 4l. "'0 2,2,:''. l r':,*o

vW 3 A A 0 15.8 31U 0/ t.,' ' '. 3'2

tUr' r-uI Ph,1 C N3 .32 - 1' I' 2 I 21
V"..it. U" 0 1; 0 0-".A 0.1. h' " '.I

I . '. I' , ' . -. II I ) ,' : . 1 I l l 2 (5 2 1 , 2 2' 2 ( ?

.0l ; ?,2 : .0 : 1 0 0 1 0 1 01 01 01 0?
7 k • 002 0 2 ," 0 , ('2 '2 04 0%1 0.'

[rICr•c,,f2(I (. 222 2.71 ? ?% 2.1 221 2' 2.N 223

IO c 2.14 2.1'- 2.11 716 21i 21) 2. 1 2Ill

1l1lhl 1 )1l(, >I 1000
I' C, Ito 10- 1 1,!' 80 30 1I10 P' o
/0l 2 l'i (.0f L!I I,'' 0 •0 ;3 .JI i00

1(I)) I (ld. h of "I.'yr,,l Ai,*rcq i. rI y I - l

ILI,',I •[rt /.,'C 20 C" Inl C. 1'i 0 C hull it)! C ¢ C !

r,,.! 02 226 ?.21 ' IO "' 02 80 (
A,, 'S I;d , 220 1 2 n 00 /M 4 115
A," ,25 2 2 ?? I. d 0 1 D1. 2l•tI 20
I m ., I It.

01.•. 0T' 720 ? 2 14 .2If.0 -iL) Onl,' 31] OCG
A,' ,1 0(11, 0,3) 2. 10 7 ! i F f) 9.0 0] 31 A! 1, ?" I I

A tlt, Cup; 20 20 0 2',"1 04 G0P 01? 41i1 2.1

1 0 2 2', O i l 2 ,1 2? s o. 0 . s O I 2' ' /V'. oh

A E"':%I Cull'., 01 0, 230 1 0 /0 .1 15 000 2t1I I200

'. (11 o u' 0(,L '' 211 > [to .- 110 PO ', 41'
1. , 0tf . [IH ? 2 2 1 1 1 0 7.' 0 3 4 '4 .' 2 3 '

.: .0 .0' , C . 0 0.'

of I' P f. i I.
_ .. 11"., 2 2..0 . 00? 0"1 _ • W I" (

Av10 1 G.8 00 1

V,', ,. 31" (4f (23 002I 0) L I 1In 12(,,0, o? a. I. If • .I

; .' ,i0.1 0. 00 1 1.

3,.l 0 001 (1 . t00 1)0
.",;, 0.1 00 (20 12P
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They are characterized by their good electrical properties, having

excellent poer factors and dissipation factors at supply frequencies. Under

their normal applications, as pipe and cable insulants, it is claimed that their

electrical properties are not deteriorated by oxidation.

Polybutene can be mixed with mineral oils to provide for adjust-

ments to viscosity characteristics.

5.2.2.4 Fluorocarbons (Table 5. 5 and 5. 6)

These can be obtained in gaseous and liquid form and are deriva-

tives of organics with the hydrogen replaced by fluorine and/or chlorine.

They are rarely used in large volumes, being more confined to electronic

applications for which their excellent coolant properties provide a significant

space advantage.

These liquids are chemically inert, non-flammable and have low

viscosity. Electrically they are equally attractive, having a low dielectric

constant (,2. 7), extremely low dissipation factor over a wide frequency range,

high resistivity and a published dielectric strength 50% higher than "pert."

mineral oil.

For volumes where the dielectric cost is small compared with that

of the contained equipment the fluorocarbons are excellhnt.

5.2.2.5 Silicone Oils (Table 5.5 and 5.7)

These oils can be obtained in a wide range of viscosities (1-106

cs). For any given oil the viscosity change with tempeovature is much less

than for mineral oil.

They are particularly useful for applications requiring low dielec-

tric losses over a wide frequency range at elevated temperatures. Even at

temperatures in the 2000C range the liquids retain their characteristics and

are chemically stable.
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Table 5. 6 General properties of fluorinated liquids.

Property (CH,),N (CF,) 5N (C4 F,) 3N (C,F,),O (C4 F,,).O cC 6 F, 20 c-C8F,1 0
Pour Point ('C) ........ ...... - 3 0 ........ -- 90 ...... -- 100
Boil Point ('•C 69 129 178 101 172 56 103

51,e(ific Gravity( 25 C) 1.73 1.82 1.87 171 1.81 1.69 1077

Viscosity.CS

(25-C) 0.50 0.80 2.74 0.61 2.11 0.47 0.81
Surface Tension.

dynes/'cm (25'C) ........ ........ 16.1 13.0 16.3 .... 13.2

Coef. of Expan.
,ion x 10 '
(25"C ) ........ 1.2 ........ ........ ........ 1.6

S'-,ific Heal
(cal/gr/°C ) ................. .27 ............ 2......25

I fradcive Imdex
N , (25-C ) .... 1........ .2910 ........ ........ ........ 1.2769

S4h ,,: of Vaporiza-
1 1on (Cal/gr) ..... ... ..... 16.35 ........ ........ ....... 20.9

Vjpx'r Pressure
(iiui) (25°C ) ........ . ...... .. . .3 ........ ........ ....

('-mslanl (25•C) 1.89 1.85 1.86 1.77 1.83 1.85 1.85
Rv .,,.tivily

(o ini-.,m ) Iola 1016 103n 1 I0o 10ta join 1015

fl'",,,il' ionlKitro (25-C) .0005 coo, .0005 .0005 .0005 .0005 .0005
[)itl. ri, Str.ngth

Kv (25°C)* 39 44 40 40 45 41 37

,',Gap 0. 1 inch.
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Tab'e 5.7 The physical properties of selected silicone fluids

manufactured by the General Electric Company.

Property SF96(40) SF6(o 100) SF96(50()) SFr9O(.,o00)

Viscosity at 37.8°C
Ccnvistokes 40 100 500 1000
Saybolt Universal 189 460 2260 4620

* Viscosity Tvrnperaturc
Coellicient 0.588 0.590 0.599 0.599

Pour Point (°C) -- 54 - 53 -49 -49

Specific Gravity

(20/20'C) 0.964 0.965 0.969 0.969

Flash Point (°C) 315 320 320 323

Spiedfic -leat (26.6"C) 0.374 0.370 0.365 0.352

Coefficient of
F.pansiun ('C) 0.00098 0.000)968 0.000932 0.000920

Color Water white Water white Water white Water white

Condition Clear Clear Clear Clear

Reaction (mgKOH/rram) 0.04 0.04 0.04 0.04

"Viscosity temperature coeffi'icot • I viscosity at 210*F
viscosity at 100'F

Properties ond Efecis of Aging on Silicones

Aged
|'ope ly I iquid Virgint Aged w Copper

[m .1,l11 20 C 0.03 1.9 3.5
Oil 70,C 0.2 15.5 45

Iowet r actur N00 1tw 201C 0.01 0.02 0.02

1 10 Silicone 70C 0.01 0.04 0.08

5000 (IIw 20 C 0.01 0.01 0.01

Silicone /0 C 0.03 0.03 0.0.1

Mineral 20 C 2?6 2.25 2.28
oil 70 C 2.21 2.20 2.22

[iltclric 800 low 20 C 2.13 2.12 2.69
Colslant silicone 70' C 2.5b 2.5/ 2.53

5000 mw 20"C 2.13 2/I 2 75
Silicone 70, G 2.56 2.55 2.[8

Mineial 20ýC 90 10 1.5
Oil 70"C 10 2 0.1

RISislivity, ?0,1 ,w 20CC 100 150 35
Ohiini-cIn X 10 Slli /)m, 70 C 80 II 5

5000 liss 200C 160 47 50
Silicone 701C 65 16 10

Acidity Mineral Oil 0.003 0.03 0.15
800 niw Siliconle 0.005 0.005 0.00J

iug KOII g 5000 11w Silicoine 0.005 0.006 0.005

Mineral Oil 20.U 20.4 20.G
Viscosily. 800 niw S:hcorie 19 20.2 20.1
Cp,,, 25' C 5000 rlw Silicoie 9/ 98 98

Hlarkins Mineral Oil -8.8 14.5 25.0
Spi Coolf. 800 1iw Silicone 9.3 7.2 7.7

Cy.ics Cili .000 m1w Silicuile 8.3 8.5 8.1
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Silicone oils are expensive compared with mineral oils and other

liquids but can perform unique insulating and cooling functions.

5.2.2.6 Castor Oil (Table 5. 5)

This is one of the more important vegetable oils. After proprie-

tary treatments, this oil is often selected as the impregnant for energy stor-

age capacitors. For economic reasons these capacitors are more highly

stressed than filter or power factor correction capacitors and therefore sub-

ject to partial electrical discharges at peak charge which cause dissociation

of the impregnant.

Under these conditions, hydrogen is evolved from castor oil which

recombines to form a wax of similar dielectric properties to the liquid. Capa-

citor life is enhanced by this process when compared to the effects on other

impregnants operating under similar conditions.

5.2.2.7 Research Liquids

These are liquids of known molecular structure which can be oh-

tained in very pure formi. They are ideally suited for experiments which are

concerned with understanding the "intrinsic" brcakdown mechanisms in liquids

and any dependences of electrical performance (due to mo]ecular structure.

Proprietary liquids are too complex for use in this fund. menrtal work.

Commonly, the liquids.used are aliphatic hydrocaehons of thc

alkane series--pentane, hexane, heptane, octane, decane, etc. and the pub-

lished data for these liquids are only of practical value in a qualitative sense.

The test elte(trode gernomc i'ics and dimensions, coupled witlh the (i(lectiic

treatments normally used do not permit. extrapolations to operational systems.
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05. Factors Influencing the Properties of Liquids

STherc are intrinsic factors which influence the various properties

of liquids. These factors can bd appreciated by study of the data taken from

(4, 5)research fluids in which, for example, the properties of dielectric

strength, viscosity and thermal conductivity are seen to be dependent upon

molecular structure or molecular weight.

In engineering practice, the selection of a liquid is only indirectly

based on these fundamentals. The performance of a liquid is strongly influ-

enced by its physical environment and most importantly upon the nature of the

applied electrical stress factors.

5.3. 1 E•nvironmental Factors

Because of the nature of liquid dielectrics many environmental

factors influence their prop~erties and the more important of these factors

must always be inicludec in the selection process and/or ini the assignment

of a design stress.

Ilno pFR wt1(ticiiiLi cider, sornr, of thel, factoL's may he listed as:

Lemjl'e rature, prcS suIre(, Lype, of contaiinmenut, elctie n' i i.ate vLial, electrode.V

area - UV' dielhctr'ic voiLn me, radiation environment.

5.3. 1. 1 Electrode Area/Dilcectric Volume

There is seine justificaLion for scihcting electc roc l area/diele :tric

volume as the most i rite resting or thiesc factoris I heciis an ( cstinnation ol' its

effect upon tine a:s: giiat oicilie I,.l trie st:t'ess iiivalvcs and i e.cognizes the statis-

tical natur,' of (ilect tic br•cakdown.

Briefly at this stage, ilf a number of dielecttric breakdown measure-

nii(elnts are taken tind(-i' id-.nti( d. conditions be Iwtei Ut•le same pair of electrodes,

the ol)served data may be give-n a mathematical desc rmiptimoi.
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TFhe mean value of breakdown voltage is;

nF xi

x i- (2)n

where

n number of breakdown measurements.

The "Modal" value of breakdown is the value which has the highest occurance

frequency anid can be different from the mean value.

The dispersion of the data about the mean value is measured from

the variance, S2

En( x-- )2

2 _

S (3)
n-1

The standard deviation, S, is the square root of the variance. A

theoretical relationship betwCe n breakdown voltag(, aLnd electr'ode area has

been derived (6'7)

VAl - VA 2 = 1.80 Slog A21A1 (4)

where

V A is modal D/I) voltage froni c eltrAle arc-a AI.

V A2 is modal 1/I) voltage fron) ,,.[(.,'t~rod,, at'ca A2a

S is standard deviation for one of Lihe areas.

This equation is precise if the value of S can 1w assumed independent of
(c,7)

area.

The effect of this area factor upon the assignable dielectric strength

of a liquid (leaving aside the esoteric arguments on dielectric volume at this
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stain}) is illustrated in Figure 5. 1. Approximately, an increase in area of

tilrc orders of magnitude reduces the breakdown strength of a liquid by a factor

of 2. This is typical under a wide range of stress conditions.

5.3. 1.2 Temperature

The tempxeraturc of a liquid dielectric has influence on both its

electrical and mechanical plroperties and is certainly a factor in selection and

stress assignment.

(I) Effect on Diceleutric Strenft•h

The mJ-bient or operating ternperature of a liquid dielectric

mendium call have two kinds of influence( upon the dielectric

,trniigth. Lonig toemn, the products( of chemical activity are

Cumulative and detrimenital; appt'uxim;Lt(ly, this a(-civity

is doubled for every 100 C rise in te;mperLature. For nin-

eial oils this will be exhibitcd by the rzau of oxidation. tl

U.lu sho0-1L'e time scales, an increase i temperature appears

to i'Pd ilce the eClcttic st r(ngti of liquids ulrlet' most stre.ss -
,odlitions, (Ic', ac and impilsive, (C ctainly iin the 10 5 sec ranige.

This is held to b( dIuc to the ulhanw' in level oa absorbed gases

w ithi 'halnf e with tinperaturc wid tiiltr applied stress. The

ltornaLion of mnitrohtubble s ujpon Iho lel(,ctrode anld within the

hulk of tlh :',luid is sggested is I•nc bihiaioi of Ihc hIl-n.kdown

process. Tlis ltnds supli-Il I., ti•e' •gs breuakdown theory

for litul s.

lfxamnlpI vs or the ttmpcratte.cc e'ffect aire giveI iin Figure 5.2

for miniral oil under ac stresses and l."iigre, 5. 3 for impul-

sive, st'esses, inl nalkan.2 .
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Figure 5.1 The electrode area effect on the dielectric
strength of transformer oil.
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Figure 5. 2 The effect of temperature on the breakdown
voltage of transformeir oil.
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Figure 5.3 Temperature dependence of the electric
strength of n-alkanes.
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(2) 1:ffcct onl Dit,]Uct ric Losesu

Li gleneral, dielectric losses are increased with increasing

temperature over the range 00-100o C. Relative to other

liquids the Siliconle Oils, or certaiih viscosity grades of these

oils, are least affected by temperature change.

Figure 5. 4 shows the effect on mineral oils for a wide, Ere-

quency range, Figure 5. 5 for askarels at power frequency

and Figure 5. 6 foi- a silicone liquid SF 96 (40) over u fre-
2 6

queney ranige 1 0 _ 10C ops.q

(3) Effect on D)ielectric: Constant

ThiS p rOpe ety is affUCted by lI ll[JcVraLL1V\. change to varying

deg rees di~ondtiWeit uponi the liqIi P1. T'he askar elS are Subject

to SignificaziL1. chan.Ige OVUP 0 p ea'iile 1 am~bient temperatu~re

ranges, 1FigUre 5. 7, wherwi;s the silicone oils show a snialler

pe i-c al~iaEý linear decreaSeý in t with teiipo rature rise.

This cliaigip ill -, cmu be itriportarit Coe imipregnation Uppli-

cations who.r. uc a atch of values oF t, leads to optimum elec--

tricul stress (histrilhtit jojis. ["or one ergy storage applications,

in gene cal, tlile adve so et, ffotý-s of temiperaturec upon dielectric

Sti ciigtht and dielcoel rit -onistanit reduce the obtainable values

o' eneirgry diies~ity within t.1w stor-e.

5. 3. t. 13

ThO nvi ionnwtiitaii j~ressui-( to 1WhIil LL liqjuid is SUb~j~Cted has beeni

fotirI( to h ave ai fit s U [E hr cite Ct up E nii is diP It~irio st rcngthi fromn du applied

Sito(SSe2s to the nIIi tC Poo;E Utul lng the't is, certainlY o1/er the ranu-ge inl which

fite( gase!oug confteit . has influenceý oil th' breakdown strenigth.
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Figure 5. 4 The eff[ect of temperatur'e on the dissipation
factor of a typical E~uropean tt'ansformer oil
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F igure 5. 5 The power factor of" p,,ntachlor diphenyl

(1476 11yr'anol) tested under 3 kV (30 vpm).
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For ambients of below atmosphere, in the hundreds of microns ]
region, liquids exhibit a form of Paschen relationship, Figure 5.8; while

for over-pressures to many atmospheres the dielectric strength increases,

although not linearly, Figure 5.9.

There is an important influence here upon assignable design

stresses and therefore, as for area effect, the subject will be expanded upon

in the main section of the review.

There are other environmental factors which can influence the

long and short term properties of liquid dielectrics, such as electrode and

solid insulation materials, containment and radiation environment. These

are treated in reference (4) and other texts. They can be important in

an engineering sense and their effects will be cevident ill some of the major

expe rim entafl work.

5.3.2 Electrical Stress-Time Effects

The electrical stress as a function of time could well be regarded

as an environmental factor for the dielectric media. For liquids, more than

for the others, the nature of the stress is of such significance that a separate "

treatment is justified.

The interest lies in the ability to assign reliable design stresses

to liquids under a variety of environmental conditions for electrical stress

times of thousands of hours (dc/ac) down to times of less than a microsecond.

In prn ctiral scales and conditions, liquids can raruflv he- oh-

tained and retained in a pure state. They are contaminated with solid par-

ticles, moisture awd dissolved gases. These contaminants are unevenly effec-

tive in reducing the dielectric performance of a liquid as the period of stress

is varied over the range of interest.

For dc or prolorged ac stressing the dielectric str-ngth of any

liquid is solely dependent upon the level of contamination. At the other end
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of the time scale, the single sub-microsecond stresses obtainable are inde-

pendent of the contamninant level, being more dependent upon electrode condi-

tions and breakdown streamer velocities through the liquid.

In between these extreme cases there arc difficult conditions of

long single pulse operation (10- 50-14 sec) and repetitive stressing with

short pulses (10 sec - 10 pps), for examples, for which the level of con-

tamination might be influential in varying degrees.

Figure 5. 10 illustrates this stress-time effect over a large range

of stress times. The division of the technology is essentially explained by the

significance of contaminants over the stress-time range.

5.4 Dielectric I'erformnance

Due to the varying influence of corn aininants on the breakdown

strength of liquid dicJectries with changing stress time, it would seem rca-

sonable to divide tV " le experimental data into three categories - direct

stress, alterna g. -mld impulsive stress. Such a division does not neces-

sarily separata c h i Ln areas of interest whichI exist in the application of

liquids aid theretL m'e giv .s little guide to the relcvwwce of data to specific de -

signs. For example, experimental data obtained for hlexane in small volumes

and under carefully controlled conditions cannot be applied to practical designs.

These data arc probably directed to the determination of a brealkown theory

for liquids and are of limited use.

'T'hc majority of data can be separated into three main areas of

inteo ust and application and each of these areas exhibit diffeL'ent treatments

and requirements.

(1) Powcr frequency and dc applications with associated impulse

testing (1650 104 second range).

(2) L.ow repetition impulsive stressing (10 - 10-6 second range)

applied to energy storage sysLtems.

-2 19-
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(3) Miscellaneous, small scale research projects.

High repetition impulsive stressing, >> 1 pps, could fall into cate-

gories (1) or (2), but the little data that exist will be included in (2).

In general, the work in category (1) has been carried out in indus-

trial research labs; (2) has been carried out under government military con-

tracts, stimulated by defense needs and (3) is largely of university origin.

5.4. 1 Prolonged Stress and Associated Impulse Experimental Data

This quitc distinct section of the technology has been primarily

advanced by R&D activities in the power industry. The concern is to obtain

long term equipment reliability by the assignment of dielectric design stresses

which are also consistent with reasonable equipment costs and routine main-

tainence. These design stresses must take all environmental factor.s into ac-

count, including the voltage Isurge' conditions which can be expected in prac-

tice. Because of this, it is reasonable to include relevant impulse testing data

in the sub-section. The equipment, pulse specifications and motivations are,

after all, quite differecnt froom those treated undel. the Pulsed Stresscs su)-

section.

It is generally agreed that this facet of dileectrit technology is the

most complex and diffl[icult to present coherently. rht, influence of contaminants

is strong and any reasonable data must accrue [rorn testing conditions which re-

late to contaminant levels that are economically obtainable in practice.

There are other subtleties in desi ig. The steady state to impulse

strength must bc rue•aued at th c cOL-i'e(t Pc[aLive. lev(el. Wilh (NXt.siv po rifica-

tion of the liquid, the, economic temptations to i'aisi the sl.ctdy state d.•ign

stress may impair relative performance under impulse.
(4)

According to Clark, not only are the performances of all iiqitids

similar under prolonged stresses but also, with some exceptions.the
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jwrforinances of liquids under alliernating (ac )and (I r ct ( tess ar

compharab)] .

The peak AC stress (j x rms. for sinusoids) is the equivalent

dIc level with the exception that a distinct polarity effect exists for, le stress-

ing,wheun h-igher breaukdown values are obtained for a negative electrode. Figure

5. 1it illustrates this polarity effect. As a prac'tical confirmation of this, for

lar-1. V. rectifier units a major manufaeturcrý uses design Stresses in oil of

100 1(V/in for positive polarity outputs anid 150 KV/I.n for negative outputs.

It would therefore seem. reasonable to use ac data for d(- de-

signs taking the advantage of 50% increase in these! breakdown values for

the negative electrode ease.

This approach is SU~ggested bUcause the important publications ill

ilie feied are mainly based on au stressing and treat the dlata statistically, pro-

viding the( only sound approach to the, selection ol. anl appropriate design stress.

5.4. 1. 1 ar- Stressiiug--E'Xfferimnental Data.

Thie baLsis [r~l muIch of the developin [1uxpteiiirflnta.1 data can 1be
( 7)

found b~y refJer ii em to the work of K. H. Weher and 11. S. Eiidicott . Automiated

testing eqUilMPnien L aS p reji~ared to yield a largre tiumbe r of oil breakdown (data

for electrode((,s of var~yinig ar'ea bothi in the hoiiv,/ontal and vertical planies. The

aims ()f the investigations were stated to he:

(1) to rwesent. a sufficient q ual ltily o1' dlafor Oil b reakdOWn,

uncle rI stated (-onditions, to i adecjuiate, statisi iral anlalysis,

(2) to unalyz( the effect of ule(4( tode sizo on oil 1,1 Oakdo wi Luor

unlifol-ru1 fie'lds;

(3) dete rmine the theoretical li st ribulionl which best fi'ts thle dat a

and derive- Crorn it the rolation.3h-ip Of a ici ia IustrIengthi.
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A complele tabulation of hte da a. is given in Table 5. 8 togel her

Ih i ii sinig of1 t I, u výxptrimnlt a]I cond it ions anldC elect rodL- relationships.

Tiik .ý. niai ac- r Summinarized statistically in sections A and B of Table 5. 9.

H-istogriun6 of 'huse breakdown voltages are presented in Figure 5. 12 (a) with

smooth curv(2s calculated from thu modes and slopes given in Table 5. 9, sec-

ti0on C. It is noted that the positional effect of the electrodes, in this case

bt.;urhoriyontal ol. ye rticul, is insignificant. Furt~her, the-, siw wness of

i he ui st ribut. ons is noted to be characteristic of an extreinal rathu r than a

norinal, symi-net. nal distribution.

Area effect is examined in detail. Three methocds of (,stimni~ing

this ffuct are possUble::

Iby si cal are aU effect.

(2) Minlim urn of grcoups area effect .

(3) TheoreL21 ci al rea effect.

E'iiiiutu ts Ihy thie-lJ dirceo rotries are shown to be2 in Close! agrueni en in Fignuce

5. 12 (b)).

The physical Jrua effect. (1) is obtained biutY h tes ting clect rode s

(d -igllifI icality dIf ule r(Wt areaus. Ili Vigure 5. 12 (b) the modal values fromn 'ILahie,

0.(r) arce pol leud agail ist the. I ogarit I im Of the Icelat ivc' a pea~s.

IT in C 5tinirat c! by niiiini urn of gr~oups is mnadle b)y Si~loUltai i onsliy

I ustiing diffue rent numbers of iden2ltical electrode j~Lc.It iS stil'ued aIS fUollos.

What is fiveg uentIy renmdto as area effect is the result of a sor-

i14 S of 11111 crerrees, it N breakdowkils ave beeni oItaiiled onl a gap) of area. A, and

M ill~ 11( ;IA11' ItMtii)(P rs ti'h fh;d N = Inn, then:

(I ';r k inr th Iin n-iminim ui-n voltages of Ill groups of ii hceakdo ivi s

eýach i.n e-quivailunt. to connecting n such identical pairs of

ule(-i rodes of area A in parallel, an-d measuring the break -

rinAw (.Ito this system,-i fi times.
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"Table 5.8 Test conditions and breakdown data.

Control Data

Crr,:irIl.Itivo Gas Water Ambilcnt Atmospheric Acid. Color. Interfacial
Elapsed N ". of Contenrt, Confeot, Tei.peratn-e, RelativP MiI f rra - i Nationtnal Power Resistivity. Teonsion,
Time, llreakdown' ý. by Parte per Dgrem' Humidity, KOI' pe, Petrolevitu Test Factor. Ohm- Dynvs per
1ljurs C3 -.'l Volume Million Cuntigrado IYO Grain Asiociation Temperatlure % Centimoters Centimeter

. . ..... 1 0 ........ 2 . ......... 2: ....... ... 40

01; . , ....... . .. . ... ..2) ......... M ...... 63

.. ..... 2 1 .. ...... .... 21, ....... f"i)i
• .V il; ......... 1 15. .. . .i ......... 20 ....... . .-11 ......... 0 0116( ....... 1/'2 ........ 31 . ....... 0 0:1 .. .... 4 X ltold .... . .50}

I1011 ....... 1 17 ....... O.• IOX ,

Relative Electrode Areos

2
Nowt: Electrode #/4--, 50 urn
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Table 5. 8 (Continued)

Betakdown Voltages, Kv, of Transformer Oil with Use of Rogowski Electrodes, 0.075-inch Spacing Vertical (V) and Horizontal (H)
Fields

1 2 3 4 1 2 3 4 1 2 j 4

v if v 11 v it v if v If v If v 11 v H v It v 11 v If v If

.'A 5 1. ... 4H ... 41: '1'71 1 :13 b. A3 W 48 411 ... 4:1... 4a ... 45. .39 57 .... 67 ..... 41 ... 11, 0. . 4M 1 .18 113
4 1 A! i 111 .1; 1 4 N I , IN 51; 48 ... ill All . .;IN .... 45 .... 48 64 .... 67. . . . .48 ... 47 . 32 41 1 " _17
- .. 511 T.11 4 1 IN adl 1, ", 11 11 6.1 ... h2.... ;U .... 411 .... 4.1 SH .... 67. . .. 48. 1 ... 44 43 P.
411.. 5: 2 -.2 1 7, ... 48:ý A; A.I. . .13 All. . . .44. ... 47 ... 47 86 ....... 8. . ..43.... 47. 17A7 4 i I 1 18 1 1 4:ý 1.1 ... A 1) .... 42 . . . 4:ý ... 46 I.D.. h ?, . . 48 r, 11. r,:; 44: 1; 4...
11 511 1 4 4,1 ... 48 4A . . .4 ... 4 4 51.. A. A 1 4::. .41 It. 17 .11)

" " : 1 .111 111. . Ili 311 ... 4% .... 40 B., mi 4.). 46 .41 .11, 1 1 1.,
5' 5", IN Ill. . . .. , I ... III D ... 42 .... 311 15, 4 . :17 ..... 411 .44 0. 1 " 4 1 ;IN

is q x 17 .1 1 50 5 2 4A .411 ... 47. ... 45 All -5 1 ... 4 .44 47. 47 48 W,
I r; . 6.1 30 A I r" 'IN .111. All .17 4:1 .... 44 :111 . . .58 ..... 5 2 ... A3 47 4 1 17 11

I 5:t h4 nj I I I ..1, .111 IN 41 48 41 ... 4 K .37 .... 41 110 ...... )II .... 411 .... Ili .... 12 4!1 1,. M
a:; Xl .41 M 51 A0 ... W .... ;M- .4-1. . . .48 fit fill .... 15 60 50.... 47 11-1 4.)

A I I 1A 4 .1 IN A I ... 49 .4.1 A.1 .... 45 60 42.. . A I .... 47 -111 1.3 17 30
.10 Ill; 411 5:1 4A I. W
41 1 6.. T.j 3'. v 4:ý .;I ... 42 7 5 J r, I lk 11 .17
41, 1 .13 1 .1 U 5 2 ... r, 1 ... 4 ... 4"1 ý . :48 rA';:r. rr.'ý 43 A" 48 5. - V ... :,ýý .... 47 5 9. a 1 41-1, 4 Ill A7, , r,3 43 :1 11 ý

I I I 1 12 55 57 A I M, 4M 1 , 4 1 42
1 4'. 's .,.I Iý :N, 1"; 5 5 ý" I 1 3 . 411 .... 1') 45 .3 1 .11:1 rII 4-1 rl 1 47 I'll 41

57 All ... IN 50 17 F. I I In W. :IN 17 ... I I .... 17 .41 -11 .1.8 fix 17 .... 51, All I
5. 1 IN. . . 'M I I I I hd Ill 5 *1 W. . . 17 ... 11 ... 17 .... 39 1-5 1,. : 7 4 :1 45 : ';ý
.it) Ill 4,1: 1!. 3:; .13 11. Ill ;17 .2 .11 4-1 M IN

42 bil 54 411 lr,, 4ý A.', I
IS :.4::. .111 .4' Ii I " 1 4,1, 1 1. 1 .,411. 41 `11 5 1 4'.' A 4, 4 1
F5 1 42 .411 1'7' 1 ". :17 A i ml' .4'mI 44 X ;I , . 39 1. r' .,7 IN
.17 W. 5; 1 -- 1 -11 4:1ý 41. . I I IN 57 41 A" 4-1411 :11 :% ;1 All 5: 1 -17 A x -.JCý :19 A 45-IN .1

.19 1 418 17, 3;1 4M 41 4.1. 14, 1.1,A 1 .1 AN .1 m A 5ý7 48 4111 4 
INr. 13 11 1-1. 11.1 1. 1 Aýl I I r 4" 1: 11 m I I I I.,

1 47 W 45 53
"I

1 7 1 1 41 A 38
4 7 :18 11 17 .1,11 1 Ll 4, 44.1 ý .2 : J1 17 1 1 4 4

It. 4-'4 58 IN I Is (41 4' 17 .... 4-- 4'.' 1' 1 r"I . I I I I Ill 'Aj 5 41 1'. 1 1:1 5 1 5 .1 - A.', A3 I 41M 4 2 Ml 1 4:1 Or I I
41 18 1
41ý I;5 Ill I_' 58. 11 .... r,:: F-5r' A, 4 11 K 1 :.7, 1 . . '13 .... 49 nm ... I -l'I 411 44 rl 1 4 1 1:: 411 4-1 1:;

,11 .18 7. 1119 ..... 511, Ill I': A' 44 441 1. Ill A.) 17
.1 53 4 IN :11 5 .411 1 ... I:i. -I;t

'5 31 IN 13
47 1) 11 19 "J ..... 5 A7 .... 11 I'l A 47 A:) 5 7 1 7 Aý

11 1 N :9 .I . r a 13 19 ... 4 48 A f'. I I'17 10 1 r.0 3 M .4' 45 4 1, A") .4. 1. '7
;,-1 45. . Ili 18 5:; ... 1 :13 ... W 0 ho ... 5 '. ':' I 1.1 4"

.4 1:1 . 1.! 5 '7 4,5 4,:: .34 ...... Iý 11 1; .1 41 4
5"' 8 IU IL': .4 .... 11 Ili .... Ill .11 T' 1;. 4" 4:1

I A." .... 37 ... IN 4r. -11 41- P, rl I ... NO 61 -Ill 41ý . 50 .42 ... 45 !,7 it 17 '5 41 4:1 41) 3 5
I r'X 41) . fi2 All .;111, :2 INI ý11 1ý:: 1:1 38 12 11 ... 41 4 4 4 A 4 ? 41

I 1 48 5 fill 3 If. 18 4 11 .43. .. ill nx 1, 1 Air 4o 4!
50 r, I . . 5 ) ... 4H 41. 1 11 -5-5 r1a .... 4A. . .11.1 .41 47. All.... 6 1)

t3 .47 h1l ..... 18 4 1 .41 4, 11 84." 1 Ih V. 11 Ali I A.- .4. -11 1 , . I ' " ,,
4:1 :4 1 ... IN -1

1 1-2 ý 1 47 !:1 1 f, 4 17 1 '7. J:. 4"
17 IN 1-1 59 5 1 7 1 45 A7 M 17 1:!1 49 47 5 1 All ý-7 4, .1.) '.,1 11 11 .4" 1 ::ý:r 41 -,., ,1 7 1 1': 41

,7 1 41 1 4 1 A7. 5" 4. : 48 41 -11 ... 4#1,7 1 1' 1 '4 1 .41. 44 Ill I4h 11. All .41 .... 411 31) 1 M
5" 4.1 NO 61 ..... f. I ... 511 1 4'5 :41 rl 1 511 :7 IN 1 14

:,411 .41, :17 .51 "1 47 1, 1 4
t" ý11 .... 411 4:ý A'

-1.. 7 511 .9 111 .5 1 .... V 5 1 7 4,1 5 1 41, 71

41 r 1 -5 417 ... 41; 52 ... 41. 4 li -1 rý I IN I I I., I Jý;
U 4 ' 1 .48 ... 4 1 3I'l I AA 0 514 ... IN AI 1. 1 49 4 . 44 ... I I 4ý17 1 17 .5 11 '1.", ' - - : : ...... ý ý411 .11. . 48 1 1 4., . :71 4
2 , I IN 7 47 4., r"I I I"

:j" 1 4. 4 - !17ý8 I'll hO.... 411 44 ý11 4 [.7
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I.I

(2) These n hypothetical, identical pairs of electrodes of area

A are equivalent to one electrode pair of area n x A; and

the mn breakdowns obtained are taken to be a random sample

of breakdowns for this new area n x A.

Complete data for minima of successive groups of ten breakd~owns

are shown in Table 5. 9, section D, the differences between the corresponding

modal voltages of sections C and D correspond to a 10:1 area ratio. The plot

in Figure 5.12 W shows the mean area effect for the four sets of data with
area ratios of 1-10-100-400.

Figures 5.13, 5.14 and 5.15 represent the distributions of interest
(6)

taken from the data of Table 5. 8 plotted on extreme value probability paper.

A theoretical argument is developed for a weak-link dependeiice

of breakdown where the distributions are best fitted to an exponential, or cx-

tremal, rather than a normal distribution.

The work is summarized as follows:

(1) The breakdown of transformer oil follows extreme value

theory rather than normal probabilily.

(2) The distributions of breakdowns for different areas are sini-

ilar exponentia] distributions shifted successively toward

zero for increasing areas. Arca effect is essential to ilhe

specification of dielectric strength.

(3) Extreme value theory yields a precise equation for prCdict-

ing the breakdown for electrodes of any area in uniform field,

once the modal voltage and the standard deviation are knuvn

fur any one area in the oil used. This relationship is:

A

V - V 1.80 S log 2 (5)
A I A 2 og 1 0 - (5)

where VA , VA are the modal voltages for the two areas A1 , A 2.
S Is the constant standard deviation.

v

-229-

__ _ _ __ _ _ _ _,__ __---. -- -



DIS'TflIiUTIO'N OF IINDIVIDUAL_ VALUES PLOTT ED
-:ON EXTREME VALUE PROBABILITY PAPER-

Cr 400 TESTS PER ELECTRODE

>S 60]

1." -50 ___ u

#4

0iuc5 . radw otg dsrbtoso rnfre i
fo 40roe of fou dif-et-res

DITIUIN FMNM

OFGOP0FTNVLE

VAU.ROyIIT.AE

20

.001 .01 .1 .2 .3 .5 .7 .8 .9 .95 .97 I .98 .9 .9 995T ."998 .999
FREQUENCY

Fiue5 3Bekonvoltage distributions of transformer oilfomimaf
fucressive rodupsof tnfour datafofeFigureas.1.

-230



"-' I

!--

DISF! I IOTSOFIo o
-40 INDIVIDUAL R-.AKOWN VOLTAGES-S..•..I;;_• ; J -- " ] 40 MINIM"A OF GROUP'S OF TEN -- •

c, "4 MINIMA OF GROUPS OF ONE

> "H-- UN DR ED --- . .-- -

0s 40 4 ' '

3'Jt
2 .0H -t 1 4-

-- V.-231-

".00101 .1 .23 7 ft 9 95 9798 99 945.997998.999
F REQUE NC Y

Figure 5. 15 Minimia-of-groups area effect. Comparison of the

distribution of individual breakdown voltages for electrode

pair I with those of minima of succossive groups

of 10 and 100 breakdown voltages.

-23 1-



(4) For the particular oil used, a 10:1 increase in area results

in a 16% decrease in dielectric strength from the higher value.

The statistical argurrents and treatments used in the evaluation of

these experimental data may be best understood by reference to Gumbel's col-

lected lecture series ()on the statistic theory of extreme values.

Weber and lEndicott published in 10156; fifteen years later differ-

encus of opinion on the distribution of breakdown meiasuremnents still exist.

J. K. Nelson agrees that the distribution of breakdown data will be extremal

undevi the following conditionls:

(1) ''Idealized' electrodes are use.d.

(2) Tinie effects are permitted to influence breakdown.

(3) 1The liquid is hon ogeneous and~ stationary.

(4) The testing teeh11i(Iiqu is exactly rprJ ioducible.

(5) Ther-e are no0 errors Of' in eaSorem ents.

Hi s argunicent is that there will always exist randomn envi ronniental

factors which I end to ''norinalizeu' the dist ributioni of data. H~e therefore puts

the, hypotheýSis that thte probabhility of breakdowni will he the re~sult of two random

(1 Blulk liquid breakidown us characterized by a weak-E- likcon-

cept~ having, anl ext remal distributionl (skewed).

(2) Rlandom environmental cviroi's wi I i an assumed normial

(SYit1 lerie) (list 1-ibution.

The( (list. r-bit in Ito1 he Sugg( st.s is of' hybirid form, the slltpo vi foe
(W)

which has bewl acurn ulativd froim an experimental program inl WliiCh the4

liquid was optionally c irculated between the electrode structure. Figure 5. 16

illuslirates the relative probability densities exhibited.
(to1)

E. Silino haEs carried out significant large-scale tests of trans-

tanner oil under 6t0 cps Stress conditions. Doubting the statistical signifi-

roleof the n-umber of tests required by ASTM, B. S. (British) and V. D. 17.
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kCoriman) testing prucedures for measuring the quality of oil, 5imo designed

in e 'iJ ent to evaluate the effects of electrode area, electrode material

and oil treatment via thousands of breakdown tests. There is no discussion

of a possible hybrid form of the cumulative distributions, the data are plotted

on extreme value probability scales with tabulated values for tht 0. 909 and

0.00t probabilities.

The configuration of the test equipment and physical properties of

Ihe oil are shown in lijure 5. 17, the tabulated data on Table 5. 10 and the

cumulative distribution plots in Figure 5. 18.

A separale experiment to determine the effect of oil treatmenl on

the breakdown strength was carried out with small volume and 3. 16 cm diam-

eter brass uchctrcodes. These results are i-eproduced in Table 5. 11 and 'Fig-

uir 5. 1 9.

The conclusions drawn were:

(1) Breakdown values depend on both the oil and the test condi-

lions.

(2) Electrude mnaterials influence the breakdown values, brass

I.ing supei'iur to aluminum, for example.
(3) Blreakdown values are a function of electrode area.

(4) Breakdown values did not appear to be a function of volume.

The statistical method based on no f'ewei' than 200 tests is advo-

cated for the evalualion of oil.

The interpreter n of' Simo's data appears to be slightly conflicting
with the conclusions drawn by Nelson etal. frorn Lhi-ir large electrode

area tests in tran.sfornitv oil. The' conflicts arise in Ow assignment of in-

fluences clue to dielotric motion and volume. In any event, both these test

data are important iii that they treat practical electrode areas and dielectric

conditions.

Nelson et al. initiated their testing programs for electrode areas

Up to 2 in2 undur near uniform field conditions with the purpose of providing
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Table 5. 10 Breakdown values obtained
under varying electrode conditions.

. HIMAKDIWN VALUMS O*TANVO wmiT 3. 16-cm-Di)Ampvri:) AUmmmumi EtlAV~cloI)Ee AV 2-mm SPAWNGG

Specimen A~tam A rithmnetic 83it itilical

T(MItt (gal) (kV) MkV) N (V) A It

:1072 0.9 13.2 31 is.'59.1 32.2 70
886 400 34.2 71. K 60.5 :30 72.7

.4 mit~mum kYV 0.909probability, B -maximum kV 0 001 prokbmlity.
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Table 5.10 (Continued)
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'!, 111 -,• +3.6 +3 F:.3
80 +22. +27,2 +27.5

I' tl , O i'Elec(!tr'ode StLti4tiChA1
I )mnI:r j'..ctrodo Aren

(.) haterial (cm() Mnun Minimum Mm ximw n
":. . 1 U BI I,' .22 . . . .

15 Bri. 25.4 0 .862 0. •V I 0.9 251
(02 Br5 I Q2 0.702 0.4627 0. 74 21.I.1in Alulminum [. I I I I I

:j0 Alimitnmiln 11 M 0. ,"G9 0. 370 0). WIN,

J J~l|!l€'"Argyll Spactin~g T|(ý..1 (d mfxilnqim
((lr)(Lm }{ nin )(cm", I Minimum ( kV/mm ) Meakn-

" :I.~ If1).. .. . 2 "0 (.22 16 6 ). 31
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practical de.sjign data for mineral oils. Both ac and impulsive stress condi-

tions were investigated.

The test vehicle which was in coaxial form with provision for cir-

culating the oil is illustrated in Figure 5. 20.

In preliminary tests and using smaller scale equipment, the effect

of moisture content and time between discharges upon the electric strengt-h of

the oil were measured. These effects are shown in Figures 5. 21 and 5. 22.

It is noted that the electric strength of the oil falls rapidly with increasing

moisture content until the saturation condition is reached. Further increase

did not appear to have a significant influence upon the strength.
2

Using the main test vehicle with an electrode area of 1. 885 mm

and a gap length of 11.7 ram, 100 breakdown measurements were taken fur

both stationary and cieculating oil; oil which was filtered and dry air saturated.

It was observed that the distribution of data was extremal for stationary oil

but that a degree of niormalization of the data occurred with movement of the

dielectric which was proportional to its speed. (Typical speed range, 3-4

mm/second). The influence of circulation is illustrated in Figure 5. 23 where

the data are plotted on both extreme value and normal paper; Table 5. 12 gives .4
a tabulation of the distribution indices. Accompanying the change of distribu-

tion an increase in the mean breakdown strength was obtained with circulation.

It was observed that the relative effect of circulating the oil was

strongly dependent upon temperature, see Figure 5. 24, and, for still oil, the

gas content was important. Simo also noted, Figure 5. [9 that the relative

performance was dependent upon the quality of the oil, therefore a designer

should be cautious in the expectations of improved dielectric performance

through liquid circulation. In most equipments the liquid will be in motion

due to convection of heat. For practical electrode geometries, complex thev-

real gradients will often exist which, together with the difficulties of precisely

defining the electrical stresses prevailing at all points, make a number of

1ihijse claims academic.

-240-



bushing ¢condensermounting plate bushing

-- top section

locating
It ndoff

insulotor .

. -- outer elecLrode

inner
el cctrode

--locating
oil jet$ standoff

I••~insulator I

base- i Oil
secti~on - . -' - - manifold

Figure 5.20 Sectioned view of large electrode system.

-241-



120-

41 100%. woter soturation ot 22-C

I
4•0

1201

0 100 200 300
, 1 oisLure content. p tp2m.

127 s.i-dimjmotcc jium,",;,.n IUE-phaeic cuirodes

Figure 5. 21 Variation of electric strength with
m~oisture content (supply- frequency voltages) at 220 C.

10)

0 ,12 ,

time Detween dclshorges,mnhl

b r~, gijmicij~ind MY 1) C lor 5MIh

Snr I I i i ., I

ji"ullm-imum+{€ Nlt+ tlll |.-p~lcl elea=lodc,
5 i~+galp

Figure 5.22 VInluence of time between discharges
(supply-frequency voltages).

......................- ~-242-



130

L! 110 -

> 00

50 ' -1 L L ... L
0.01 0.1 0.3 0.5 07 0,9 0.99 0"909

cumulative probabilit~y

120

1101

110 00

g~ go * (i

70

b, No8oAptw
t.

0.01 0.1 0"3 07 5 097 0 09 O.99

cumulative probability

b

lFigure 5. 23 Cumulative probability for stationary

and circulating-oil samples.

2-243-

Li



r

Table 5. 12 Distribution indices for stationary and circulating oii
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The paper fUrther deals with impulse testing data, to be treated

later, arguments for a volume rather than anl area effect upon the liquid break-

down str'esses and mnore discussion of the cumulative pr'obability distributions.

For- the latter, it would seem advisable to accept anl extremal dis-

tribution for it is shown by Weber and EndicottjM_ -- Fignreý 5.25--that this

gives aSrxfer estimate of the size effect..

5.4. 1.2 Impulsive Stresses- -Relevant t qimn etn

Under long term uopration, power equipme~nt is periodlically sub-

jected to abnlormnal surge stresses which may be associated with switching

t ~~transients or atmospheric dlistu rbances. Equipme-nt. must be( dlesigned to sur-

vive these sporadic extre-mes with the aid of arrestors, suppressors and other

protective devic~s. Knowledge of the dielect~ric p~erfo~rmfance under these ini-

1jul ;ivc conditions is thireforc as necessary is knowing steady state perform-

ance.

Tests are, ~jc rfOrrne Ud U.sing pu 5of' ,ilan da rd ampli1tuodes rc lotive

ito ih. norm-al equipment working voe1 ige s and of stand ard shape and durations

%Ai~l hic a reoasonaIhly ropresewal a vf ()I' l1w eýxpect ld surgr's.

The st..Lndardl impelse for USA and Canada is the 1 . 5 40 k see-

waveform- arid lfie hite natiomiil Standar-d is 1 . 2 X 5D) eL(

Fl(2- i s n10 sigCC I'lle ant1C peeoct ir i lier-ene hel \vel Ii t hue cwave -

fo~s.The usual fi.1 InlSe IleveL toi- powc r equip)Ment is 4-5 tilmes the peak

line -to-giround voLt~ge . Figure 5. 26 illust rates I hie mii pulse anid dlefines the

risetime anid duration.

5. 4. 1. 3 L"Xp1)ei.imenltal Results

It is C-mpjhUAoZed by mrany: work~lers that the QxprŽrimerietal results

'AA at ed I te a. significant (lpeUdene.(2C2 opo)n t lie. p re paraýtionc Z1and test j)'Ocel-Qd

L ': jijopteýd. Less frequently, the significance u," much of the accumullated

('0Ato pe~llci el ; tIaln is CiLIeStironeci. THancox and Troppert 1) I lci
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reported impulse testing with an oil medium, show sensitivity to both matters.

These workers carried out impulse tests up to 500 kV using mostly 2/60 p see

pulses between electrodes of 2-7 cm diameter with gaps of less than 1 cm.

* They refer to three testing procedures, two of which they adopted

for their experiments:

(i) Normal testing technique: The application of a series of

impulses of increasing magnitude until breakdown occurs.
(12)

Harrison has suggested that the assigned impulse strength

under this testing procedure is optimistic.

(2) The Sorenson technique: First impulse is greater than re-

quired for breakdown. Successive pulses are reduced and

the last breakdown level is recorded. This is shown to re-

veal lower breakdown strengths for the medium than would

the normal testing technique.

(3) The first impulse technique: Similar to normal technique,

except that the value of the first impulse of each successive

series is progressively increased and the first breakdown

on the first pulse of a series is recorded. This technique

yields comparable r(.sults to the 5 orenson technique.

The relative results of normal and first impulse testing, using

6.25 cm diameter electrodes with 2.5 mm gap, are shown in Table 5.13 and

a plot of B/D voltage against gap setting is shown in Figure 5.27. It is seen

that the first impulse technique yields -25% lowner breakdown levels than the

normal technique.

The phenomenon of "conditioning" is Oliscusse(I and a serious

question is raised--should the initially low breakdown data he rejected?

Since operating high power systems cannot normally be "conditioned" the

inference is that the "preconditioned" data may be ol prime importance.

Figure 5. 23 illustrates the typical "conditioning" effect obtained by Hancox
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Table 5. 13 Dependence of electric strength on testing technique.
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Figure 5. 2'7 Variation of breakdown voltage with gap setting.
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"and Trop))ur. It can be assumed, unless there arc statements to the contrary,

1hat the breakdown data provided by ihe great majority of workers have been

obtained after the "conditioning" procuss.

These workers note the existence of an electrode "area effect"

¶ and no "volume effect". The strengths corresponding to electrode diameters
(13)

of 6.25 cm, 2.5 cm, and 13 mm were 75.0 kV/mm, 99.0 kV/mm and 145.0

kV/mm for the 1/50 •sec impulse.

Nelson et al. , in the impulse testing section of their tests, the

ac part of which has already been treated, have followed the work of Hancox

and Tropper in providing an estimate of the probability of breakdown on appli-

cation of the first impulse. The results are summarized in Figure 5. 29 in

comparison with transformed data from the normal technique. The value of

the work by Nelson et al. is that it provides a direct comparison of power

frequency and 1/50 ýisec impulse data taken from the same test bed. The

areas are orders of magnitude greater than for Hancox and all tests were car-

ried out with gas-saturated oil, a condition most likely to prevail in practice.

The results confirm the work of Endicott and Weber in that the

"area effect" is found to be the same order for impulse as for power frequency,

Table 5.14 gives the relative performances of 50 cycle and 1/50 lsec im-

pulse voltages for varying electrode areas and gap spacings and Figure 5. 30,

the relative performances as a function of stressed volume.

In the discussion it is noted that movement of the dielectric has

no influence upon the pulsecd str•ength of the liquid and it is suggested that other

thermal and mechanical processes which influence 50 cycle performance are

still influuntial in the 1/50 pbec time scale, resulting in comparable size

effects and relatively low impulse ratios of 1. 5-1.8. In summary, it is sug-

gested that contamination in the form of gas bubbles and solid particles is a

cont rolling factor.

In the pulse duration range useful to industrial testing there is a

body of work ý hich has been performed for the USAF(14) weapons simulation

[ -251-

- - . .v--~-., ~ -



!o::I
1.0 [b

160 180 _200 22'0
Impulse strength. kV pkýrm

a I Cr(X& 'ncil ( 6 ' runblurined da -, o ricrtwal i•niig n Icchniiuu

Figure 5. 29 Ogive curves for first-impulse testing technique.

Table 5. 14 Electrode gap and area effects for

powrr-frequency and surge voltages.

F1iw-r lirccl•teicy 115o01" imitpulse

Ar,, Gap I~
V h• I lu-thri Stanl~d'L S tdarrd S j~•. [I'[l: •;ltndo•IJ Sta'Iladf

131"• nllll kV-,-ii . W/llnl kv nn Wtnll~l) WVllll mt II,. kvna 0•III 11ll11" k V/inun
1.85 21"9 195 8"6 0-18 1'3 410 18-7 W-52 3-66

1-885 169 141 8.4 0.1 1'26 342 20.2 1)31; 3-32
1.885 117 o00 8'6 0-23 1'13 220 18-9 0"65 2-05
1 885 6.8 61 8-9 0-.I 0.78 148 21-7 0-42 2-96
0.211 113 112 9'9 0.17 1.48 280 24.9 0.51 4-46

0-070 109 112 10,3 0-16 1"11 304 28-0 0-63 4-48
0-070 6-0 72 12'0 0.13 1"2 192 32-0 0-58 452
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j-p:'ogram. The work is interesting since it represents an extension of tech-

nique and d-ita analysis used in those Government programs which are mainly

concerned with the short pulse performance ( • 1.0 psec) of energy stores.

As such, it forms a bridge between the technology of this section and the one

which follows on pulsed stresses in low duty cycle equipment.

In this program the strength of oil was investigated using parallel
2

plane electrodes, both coated and uncoated, of areas in the range 600 cm -

2
3600 cm , with applied exponential pulses having e-fold times in the range

60-130 psec. The electrode coatings were acrylic or epoxy, the bare elec-

trodes aluminum.

The intent of the program was to find the dependency of the mean

breakdown field strength (f) upon electrode area and pulse length. (f) was de-

fined as the field intensity at which 50% of the tests caused breakdown. In

general, the following relationship was found:

- ¶0. 0041 K (6)

where -T is the e-fold time in microseconds

A is electrode area in cm 2

f is kV/cm

K is an arbitrary constant

The results of these experiments are shown in Figure 5.31 for

hare electrode area relationship at a fixed pulse duration and in Figure 5. 32

for the time dependence for coated and bare electrodes with several areas.

It has been the general experience that little long-termed advan-

tage is to be gained by the coating of electrodes; although the idea has not

been rejected and techniques by no means exhausted.

in side experiments il was found that within the temperature range

of 60-1050 F, no pe rceptable change in f took pla.c'. Generally, the oil is

stul cd to be "clean' and typically, for" this field int crest, one can assume that

Onw ,,il was given little treatment.
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II
5. 4.2 Impulsive Stresses--Low Duty Cycle Equipment

Government-sponsored programs have provided the major part of

the design information treated in this section. Contributions have been made

by service laboratories, university groups and private industry in the USA,

sometimes in joint action with UK agencies. The prime interest is in the in-

sulation properties of liquids under pulsed stresses of a few microseconds

and less. Such conditions exist fpr the transient storage of energy within the

electric field between electrodes of various areas and geometries.

There are significant differences in equipment requirements and

dielectric behavior which distinguish this technology from power frequency

technology and the like.

(1) System duty cycles are low--typically a few applied stresses

per minute.

(2) Equipment lifetime is often measured in thousands of "shots'--

or the acceptable mean-time-to-failure may be of that order

or less.

(3) Dielectric behavior is almost independent of solid contamin-

ation levels.

(4) The effective stress-time to breakdown is strongly influ-

enced by interelectrode streamer velocities under condi-

tions where the propagation time for these breakdown

streamers is of the same order as the pulsed stress dur-

ation.

Whereas for prolonged stressing claims could be made that the

performances of all liquids are similar, for this short impulsive mode all

liquids do not perform equally and the search for a liquid with a high value

of e combined with superior dielectric strength is valid.

Much of the material presented for impulsive stresses is low

duty cycle equipment essentially divided into two parts:
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(1) Ilic wVork of' J. C. Martin and his team at AWREI, Alder-

miast~on, L-'i ganid, in which simple voltage geneirators and

electrcode structures have been used to provide i he maxi-

mlumn of design data and relationships which cani oe econoni-

ically obtained ini a laboratory environment.

(2) Large electrode area work carried out in US facilities

which was associated with the design phase-s of lacge pulse

power systemns. This work can be regarded as a verifica-

tioin of' the AWR1E work. Certainly the I rcal inent of the data

is the same.

5. 4. 2, 1 AWRNC Tec!hniqueCS and Programs

Before presenting the iXWRE work some backgrounld information

is neccssury to a balanced understanding of its broad scope.

The limite~d objective at. AWREI was to provide design data for

pulsed generators, 'with particular emphasis onl the efficient storage, of energy

withiii these genierators.

The kuys to successful accomplishment of i liese goals lay in th('

provision of' easy-to-ouperate, sni all pulse general ors iand cheap, q~iicI( m-ethods

of' manufaCt~liring USeftul teSt electriode shapeýs. These p0 cmii ted rapid(I epor-

inients ini liquid diulectrics at signiificant volltages and with relatively lar~ge

spacinigs which, comb ined with the iilie rent scall c in liquid breakdown re -

suits (typically _10,0, pr'oduced Usefuli CesultS withIout thC significant costs

of' form ally eiuginee red Lust systems.

Flot t0m erly expe rim ents, char~ging generators of' the pulse trans-

foline i1 type(- wCere Used. These worked in the voltage range of 1. 0-3. 0 MV,

handliiig energies oif -I kJ. Marx generators were used to study the larger

voium(:s of' liquid with energies to 50 k0. The I -Cos type waveform gene rally

used-( was cons~idIered lo he a fair representative of the si ross conditions for

rrotpractical pulse Charged systems.
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The test electrodes, which are often expensive and difficult items

for a dielectrics prograrm, were, in some cases, simply fabricated by form-

ing copper sheet over wood forms. The advantage of this construction was

that the copper was driven into the wood at a discharge site 1o form a smooth

profiled pit. This allowed the electrodes to be used for many discharges be-

fore recovering was necessary. This pragmatic approach to electrocd con-

struction was typical of the procedures used

An experimental advantage to using larg, electrode spacings was

that simple optics could be used to study tie breakdown processes. Open

shutter photography was often use(d in conjunction with i voltagu clipping

point-plane gap so that. timue--resolved information on t.hew growth of the break-

down streamers, or bushes, could be obtained.

As a result of tlr,,se techniques, AWK{' formedl an ealrly convic-

tion of the possibility of a breakdown model baaed on a streameiur mechanism;

at least in the timue sýcale of 0. 1-1. 0 tsecs. The obst!rvations made, although

not published, were used inmtr1nally to guide cxpu rimnLts alid to provide esti-

mates of breakdowni condi.lion-s w\vhevr( cxpe riments were inot possible.

It is tcntatively suggest(eýd by thi.- group hLat breakdown initiates

oil vy.ry small whiskers on the mt-tal electrode surf"ces--accounting rou, the

inherent scatter of liquid breakdown data and the smnill influence of the macro-

scopic finish of the electrodes. With an applied field these field enhanced

surfaces emit currcnt and heat the liquid locally. Of the possible consequences,

it is favored that hle temperature rise reduces the surface tension to a low

enough value for a bubble to form. This micro-bubble then elongates in the

electric field from its initial dlimension of 10 -5 10 cm to 10 3 -102 cm

length in highly ellipsoidal form. At this length a streamer can propagate

from the pointed tip of the bubble which contains ionized gas. The streamer

then moves with a velocity which is characteristic of the medium and the

applied voltage. For typical breakdown fields, it has been estimated that the

electrostatic pressures causing the elongation of the bubble were about 30-

100 atmospheres arid that the elongation could be damped by a liquid viscosity
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in the order of a megapoise. This notion was verified experimentally by re-

ducing the temperature of various liquids until this viscosity range was ob-

tained. A dramatic increase of dielectric strength was obtained with a signii'-

icant decrease in the time-dependence of breakdown.

It. is concluded that the difference between liquids and solids as

dielectric media is a viscosity of about a megapoise. It is claimed that. this

model can account for a pressure effect, since an applied presso e, of tlhe

order of the electrostatic pressure at the whisker tip, can inhibit the hydro-

dynamic phase.

Three methods arc suggested for improving hlie dielhctiic st re.ngt h

of a liquid by iiihibitiný tllhe hy rodynmiLic phase:

(1) A high viscosity layer (routing or cooling).

(2) E'xte rnal pressure.

(3) tleducinig the largesl whiskers hy conld[liollig.

With rcespectt to ihe latter, it, is lithought that the i•i a r I land time de-

pend encies of brcakdoa n can be I (rasticatlly r'e dtln'(Led; the standardl deviaLions

of I)reilkdoWll dat I. r•dILC'ing ftrom lie1 0 1w c al l -'} , tt', to 2,". n m

5.4. 2.2 Streamer Pr'ropagation ancd Time I )epede unII

Much l"of the initial work which leac Ito the tentativ,, tli•euries, des-

cribed in fihc p reviou8 subsection, was perforinitd by Ilert. Theis work

was conce rued witli obtaining inutegral reution.;11iips for tie mean streamer

velocities in se\vr'al ronmron licqid ls as functions ot lhe aplplied! voltage and,

iiSnc soeases, time' of lhe applied voltage, ie rhert use'd no'OdlO-to- ball dlec-

trode geometries, so that the streamers would be initiatld very early in the

applied wL-veforni and generators which could apply square type pulses as

well as the I-Cos type waveform. Applied voltages were in the. megavolt

range and pulse duratios -0. 5 tsec and -5() nsec. An analysis of his ec-

suits with coefficients of correlalion are given in TFable 5. 15. He noted that
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Table 5. 1 5 Streamer velocities.

Oil, positive -v = 1) 12) V 17 .1

Oil, negative v=(:31 + 5 l. 28 V 0.1

I G 13 - 0. 15
Carbon 1 et:rachioride, positive v ( 168 A- 28) V'I
Carbon tet rachioride, negative =(166j~ + 20~ V 1~.1

GlycL't'iI0 I) OSitiv(e V= (41 + I1.5) V0' 55 + 0.03

Glycerine, negativu- V (Si +a) V1 .2 .1

Water poix/ Vt (8. 8 -~0. 4) V( * + 0.0
liegativu 1/3 1. t0.5 V 1 )* + 0. 02

v is ni(.a.-uIl(,(i inl (1i/t1jicrose( wldl5

V is In easured ill niega volls

t is IneaLstl'~(ýdl ill ic ro('trufl(J5
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the nman velocities were proportional to the applied voltage and not to sl ress

at the eluctrodes. It is suggested by the first three results that.:

v = (7)
t eff

where v = mean velocity, cm! 'wscc

(I = gap spacing, cm

V = applied voltago in MV

i = effective stress tirne
eff

and n lies between 1. 2 and 1. 8

The effectlive stl'uss ti0fk depends U)0on thie vU.lue assignecd 10 1.

For a square voltage imls1, the eltfeciive time, t eff, is obviously the time of

the whole pulse to otwakdown. For iplses otllcr thani squaVe, tefI is nlol ob-

vious--i- in practice it is some function akin to I-Cos for which we rnusi , tfine

te ff

Let the applied voltagc be a rai'1n 1 fulnd lioull, \ 'Wih ts v'easonabl ly

close to I-Cos.

dx A ,110-= AX, (o)
dt

d =AVn (9)

V = Rt (as defiled) (10)

t
rn ax

= AkR f (t (1(1)
-
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11 11+1

= A t (12)
n+1 max

t

-Ia-- AV (0 .9)
n+ I max

t
te 

(14)
(2ff n+1--

If n 1.5 (within tlhr .nuggesteI rmimqe 1.2-1. 8), thOen t " 0.4 1 I ', or, for

a armnl , mCarSl['r(I from 60 % of V io Vmllax m aix

lI.erIert',; d.,finiliorl of I is lhie time of' 6T'ý', V to br'eakdown.off max 2/ 3

This ,:(1,nitii1l Iof si tlems lrun, Ihe original AWIII' estimates of a t time

dupuvic ( ufor 11 51fdepeiiewn•e 101' 11 = 1. 5

v (h5)

'2
F 2/3 d2,1/3 (16)

ef r

IhIre F' is the st'ress, MVI(c'M.

The data from laletr experiment s using larger electrode eoon-PtrIies

showed that a much hetter fit could be obtained by a [)ower law of t

For n 3;

V 11/3 11/3
eff
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F t 113 d i -2/3 (19)

For this, t of 0. 25 t max or' t ofshould h~e measured frorn -75% V mxto

* breakdown.

It was recognized that, from experimental evidence, t shOUld

be taken at the ~-75% level and not f rom 63%, as originially defined. Howover,

*it was less confusing to aIccept the latter since only o 10% change of predicted
(16)

breakdown level was involved for, timecs in t he range 0. 1 -1. 0 p so c. Crewson

supp)orts the validity of this judgment in a very thorough cxamination of Martin's

definition of the ''effective stress time"'.

The appa r nt tie c rude sp acing dependence (d) should riot be we ightedi

With too in uICh sinf Iac t thiis point for Subsequient expe rim ents show a rather

weak relationship.

It can be appire~ciated that. Herbert 's experiments cont rihUteci nmuch

to a gene ral unie rstandtiig of the SUlbjeet anti to the dcI]rivation of subsutqur1t ly

well-used relat~ionship.s for stress and time.

Plots of mean streamer velocities against appiliedi voltageC are shownI

for several liquids in tigures 5. 33, 5. 34 anti 5. 35. Ii. will be( noted that, in

gene cal, there are distinict po~larity effects, that is, tilte vcrlocitics foi- the pos -

itivu L;1.L!rlarne1. (the strea. 1'c inlitiating" fr'oml the +tVe elct10(1(2)O anti the ne~ga-

t ive si reamer (the st ceajllc r initiating from tim, -ye elect iode) are niot eqtual.

For the partiCu1lar ease or water, the positive streamner is faster than the neg-

ative.

5. 4. 2. 3 FigUres or Merit. fur, Varioums Liquids

As previously stated, the ability to store elect neal energy be-

tween electrodes at the highest densities is a major inte rest in this timne

regime. This implies that liqUidS of high dielectric constant ( C ) and high ..

dielectric strength are interesting candidates. In a series of ex"perimentalI

programs which were closely directed to the development of the energy
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sztores for pulse power systems, ,. C. Martin and his co-workers at AWRL,

\ldermnaston, England, provided much of the basic data and many of the re-

lationships which are curr'ently used in this field. The development programs

associated with large US projects have confirmed and augmented Martin's

work.

In an exploratory phase, Martin(17) assigned figures of merit to

a selected number of liquids for energy storage applications. These figures

were assigned via breakdown tests performed under a commonl set of ('ondi-

tions.

The relation to which the breakdown voltages were fitled was:

F3/2 t = K (20)

where F = the breakdown siress in MV/cm

I = the effective stress time or time of the pulse, above 6(3% of

peak amplitude

K = a constanti

x4/3 '1
The figure of merit, tabulated was eK , which 1is proportional

to the energy stored per cc At breakdown stress fo i a (cOlj iant charging time.

Table 5.16 gives the listing of tles.-e 'igures of merit, from wvhich

one can appreciate the potential importance of wvater and other high dielectric

constant liquids.

5.4. 2.4 AWtRl', I)atia and St ress Rtuzi! ionýshii•s

The liquids which are ope rationally and economically acceptable

are not numerous. The Aldermaston learn have provided data for low 6-, oil.

medium E, Ethylene Glycol and high (, deionized water.

(1) Transformer oil: Smith of AWRE has reported break-

down data for unprocessed transformer oil. The experiments
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Table 5. 16 Figures of merit.

Values of F3 t = ktoff

Area of plates : 16 square. inches

The dielectric constanttaken from
standard tables, not measured.

Material. k

Ethyl Alcohol .057 24

"+ 1Z water .059 24.6) 0.56

+ 10% water .052 29.6)

Methyl Alcohol .052 33 0.65

Ethylene Glycol .03 38 0.34

Glycerine .010 44 0.10

Castor Oil .11 4.7 0.25 f.

Transformer Oil .08 2. 4 0.09

Water .03 60 0.72

Note: Volues of k are good Lo perhaps 10 to 15%.
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were carried oLII for a wide range of electrode areas, with

unil'uorn and nonuniform fields and with fast and relatively

slow pulse guenrators. The data are fitted to two r.elation-

ships:

,t 1/2 d-1/4 = k (21)

where F and t are( as previously defined.

d is electt rode spacing in 1m.

1/3
and Ft = k (22)

k is an arca dependent c(on!stntull. in 6oth c,(seus.

Figure 5. 36 givetS tieSU I111tS)15aglnst a rca, thu full lines

are )ased on all unifoinm filld t;xljwri nmlls and the trwken

linls on fast pulse (ials v•ll3. (011 1 ie whole, he I t t fit

is 1 l)re 1 - d ak, r trICei' is S.o t 0l11iiOi HUt the. (I (el)unCI. ,'-
lilighl he as low as (11/6I

(2) hthvellne glyc'ol: Sminit1 has tcstetr t1his mnieiuni, alth1(1ugh

mu:Ch less extensively ihan trI':.nsornl"er oil. On the Ixas.-

of sparse d ata the assun1plion 1s:

Ft k (23)

The ne.gative assynmietic field (1Lia is noted to have a 1ii{0h,'1r

value of k and to show little, area effect. l;igUre 5. 37 shows

a plot of the results.

(3) Deionized water: Because of the high figu'e of me'rit assigned

to water as an energy storage medium, the work done with

this medium has been extensive and international. Smith(20)

-__., ,..-270- 4
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has again contributed substantially with experiments in this

medium. Experiments were carried out for a wide range

of electrode areas and effective stress limes. In the dis-

1/3
cussion of the data, Smith concludes that Ft = k is a rea-

sonable approximation and notes the strong polarity effect

exhibited by water under asymmetricalfield conditions: the

negative electrode giving approximately twice the value for

constant k. The point is made that. the relationships obtained

in Hlerbert's work with point-point and point -to- plane gaps

should apply in some form to the platc-plane gaps. It is

recognized that the btreakdown is associated with the estab-

lishment of a struauncr-initiating, threshold field and thu

vulocities of these str'eamers when moving between the elec-

trodus under an applied voltage. 5mith makes estimatcs of

this threshold field for various electrode geometries, (see

Figure 5. 38), and concludhs thai for long gaps with high volt -

ages the streamer transit time must be dominant over, the

initial l)uhble formative time and that it is under these con-

ditiois that water becomes outstandingly attractive for energy

storage. The relationships for' unLform field and negative

asymiretrica 21) field are plotted against area in F"igure 5. 39.

Thus

1/3
Ft 1 constLnt--unifornm field (24)

and t onstant--negative, asymmetrical field (25)

where ce is a measure of the asyrnmetry

= 1 +0.12(F /F -l)I)max mean
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"1J

, (22)

Smith nUtes that data obtained by USSIR workers for

small areas and gaps is in essmntial agreement (Figure

5.40), and he also observws (1U) that the higher values
shown for the smaller length gap- confirm AWRE exper-

ience for liquids other than wvaier.

5. 4.2.5 Summary of AWRIE Programs

Martin(23) summarizes the outcomes of AWRLI liquid dielectric

pro.;ranis in his overview of nanosecond pulse i(chniques.

Generally, any finish less than gross roughnejss of electrode sur-

faces is unimportant; solid impurities and additives to the liquid media have

little effect upon pulse break(down, in submierosecond tim.is.

For uniform fields the breakdown field is approximated by:

1/3 1/t10Ft A k (26)

where F is in MVIV/ctn. t in ý sec, and A is Owr electrode area in square -

centimeters.

The values of k for the various liquids are, given as:

Transformer oil k = 0.5

Water - Uniform field k = 0. 3

Negative asyni. field k = 0.6

Methyl and ethyl alcohols k = 0. 5

Glycerine k = 0.7

Castor oil k = 0. 7

For point or edge-plane conditions mean streamer velocities are given for

voltages 10510 V by:

v = d/t k'ý (27)
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E'perimental Conditions

d cm .05 .05 .05 .05 .01 .01 .01 .01 .005 .005 .005 .005 .0025 .0025 .002) ,0025

t pscc .25 .5 1.0 2.0 .25 .5 1.0 2.0 .25 .5 1.0 2.0 .25 .5 1.0 2.0

F MV/cm 1.7 1.3 .7 .5 1.6 -.0 .9 .8 1.6 1.3 1.1 ].0 2.3 2.0 1.5 1.3

A 2A (ci2) .01 .002 .001 .0006

01.0 I0

Uii

TIME (I soca)

Figure 5. 40 Russian data for small ball gaps.
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where v is in cm per Isec, V is in MV

Table 5. 17 gives values of k and n for three liquids. Velocities for

water are as given by Herbert (Table 5. 15).

An additional relationship is given for oil, in both polarities, for

the 1 MV-5 MV region:

- 1/4 1/6
Vd =d 0 V (28)

5.4.2. 6 US Experimental Data for Large Areas

Although the work of Martin et al. has provided most useful rela-

tionships for the engineering applications of liquid dielectrics under single

pulse mode, very extensive support for' dielectric programs has been pro-

vided by US Government agencies and laboratories. In particular, the Defense

Nuclear Agency, the Air Force Weapons Laboratory and the Naval Research

Laboratory have sponsored or carried out significant programs.

In the development program for a large pulsed system(24) spon- -

sored by DNA, some of Ii(- aims were stated as follows:

(1) To investigate the time dependence of breakdown in oil.

(2) To establish the effect of oil contamination.

(3) To establish the effect of electi'ode surface finish.

(4) To etauhlish the effects of tempecature.

(5) To investigate the effects of surface coatings.

(6) To investigate surface flashover of oil-solid interfaces.

The experiments were carried out with relatively small scale

planar electrodes of approximately 4 ft2 and large scale coaxial electrodes
2

of 900 ft area.

At the outset of the report on this work, the meaning of teff, the

eAitvctive stress time, is discussed. Additionally, the importance of the
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Table 5. 17 Streamer voiccities.

V - d/t = kVn

Where v is in centimeters per microsecond and V
is in MV. Values of k and n for transformer oil and
two other liquids.

k+ n+ k- n-

oil 90 1.75 3I 1.28

carbon teLradhlhorido 168 1.63 166 1i.7i

L 1yorine -41 O._55 51 1.25

f
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dielectric testing method is stressed. In experiments where the risetime of

*the applied pulse is fixed, teff can be varied by a factor of 3 or more by apply-

ing different levels from the pulse charger; the higher input will lead to more

rapid breakdown. This point is illustrated in Figure 5.41. It is apparent

that the general wave shape varies with level under these conditions.

A preference is expressed for a testing mode where the break-

down is observed in the same "phase" of the pulse, independently of level.

Thus the breakdowns will all be recorded at peak volts or 90% of peak volts.

To accomplish this, at each testing level, compensating reactances must be

placed between the generator, and the energy store under test.

For the first tests reported, using planar, aluminum electrodes

it is claimed that, by adopting the latter testing method, a smaller time de-

pendence than t1/3 was obtained. The results plotted in Figure 5.42 cer-
1/6

tainly show less than a third power dependence and it is claimed that Ft

or FtI/5 equal to a c-onstant would be a better fit. On the other hand, similar

test procedures using planar, steel electrodes yielded a much closer fit to

Ft, equal to a constant; see Figure 5. 43.

The results with planar electrodes in oil are summarized as follows:

"The time dependence of the breakdown st re||gthi of oil, in uniform

fields, COuld not be uniquely described but was always 'weak'. Time de-

pendence was less in clean oil, or conversely, the oil condition was more

important for long pulses. The strongest time dependence observed was in

proportion to the inverse cube root of time. Other results were more con-

sistent with the inverse sixth root of time"

For the large, coaxial experiments, results for which are shown

plotted in Figure 5. 44, the experimenters' comments are as follows:

"The results fit an equation of the form Ftn = C, where n was

1/3, or less, in all cases. The most proper test, in which the charging in-

ductance is varied and comparison is made of breakdowns at the samue 'phase'

on the waveform, gave an exponent for t of 1/4 to 1/5. With fixed Marx
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I lndUet JflCi' ( fixed risel ire), the dep'endlence on t:i for short charain2 'irn-

v. as similiat With long char~ging times, thf, exponent or' 1 conlo '. ell h fche.(

~ism tb .'~i /.~(24)

The de signer should no, he _onfu~sed hy the argumecni.- oil r

i (sting mont hods. The testing methods, adlopi ed should alwaýys relatct I Iht

opteri'ting c('(fdi~i j..S tfi thu p)ulse \S ' under cks i;gn. Fuit-11er, it s; ýr

saf e t adopt a t de(penldunce for deinpurpos-es, since( -iw work o, \ VRE

is rcass eabi)ý confirim rd for largie ejcit vode art as.

Side expe ulinents in this lest ing scre ts areý sunto riz', d as fo 'lows:

I1) 1,illish oni olectrod- siirfa (sw %as nbi crlt-ua
(2) A teinpur~iur it vuriat ni (it 15" C I com1 Lotthiew if flI<ot

eff(Cct uCOSuID'

(3i) l"'ffe~ls of -solid i.(OuituLijIlatlt (001( Cttld b 1'tilet t id 111uitig

the small scale ex'i~neui -Phis 11 . -ti huti 'htU'

(4) Pis cc a in o!t he t c' 1 ()dk- ittiI:( fil 01- vAn' .1th

constaiti by 1.0- 15%..

Major engine ering app icut~o jot jI i oml (I ;o W r a"S ýi1 ~im-(k

dielectric have been undo riakon at tme LuS Nuv~i Re sfj, cl I hora o rv. hi a

Final Electrical Design Rieport, (2)a corrmItreie t~isvf svslem ,siatn toeit I(,

ionized water is presented based oil NvLL1111n's relationshipIs for1 tulne and ared

dependence. Refined relationships used otr(,:

( ov1) rn bea kd ow n duIiue rO u oat n e urs f r o n pos it. I vi tt 1 ro I

1/3 0! 01 1
FI0- t =0.2137 A' (29)

(2) l-or breakdown 1110u to streamers from- thIt e~ 1._)tIV Ii IV(,
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F
1/3 - 0911

F = 0.579 A,( -

where F, t and A are as prevjotsly defined

and • is a field ''hantenient "acl, r

where j, e 0.12 ( " /1 -1) /2

By t.he careful conlrol of' the ,ia <il U t ftields witli,. ma utint le( -

I rode structures so that ichy % ee .n cc - rdanL with value' sugr sl

these relationships, salisfacto-.z, rcu .ili Ittiv wi obtaintrI.

5 4.2.7 Jetitiv( I'ulsillg

The l'or'egCoillg l1U.i ; I t t .41W A' lM t lW' o; 0 ' 'Q .'

w helw the fo rnation and jIjtagaL Loe oi 0 41 ',L3,.(i'.arc, dete tn jnmng I I.

For repetitive pulsing, stieam lr g -'0' ý"OWt ii- nL L)e cujntuLilvye all' h, -

iore the assiguabl• siremsl" 1m1ust1 'tu,'t,. . J

There is ii>t ilitich ti ,l. ng1 i 'P ' an i ot for these ,.0ndtitioiS a,)- it

would seem to be a suitable topic lot futuL p' progr'ams. Aniee(t k ar':ied

out experiment:. to 15 pps in various grades of oil. He carried out a prilini-

inary seleclion of oils and oil irtatnients at a fi::ed repetition rate of 0. 3 pps

wi.h near sinusoidal pulses at I -1.0 see. These results are shown 'n

Table 5. 18. Tests were then carried oul ixt the selected, treated oil, at in-

creasing repetition rates. The.results ot these tests are shown in Figor(e

5.45. In the course of th]e ltst.s degradaiion of the oil occurred and it was

null-i that there was a tendency for the alignment of carbon pariic-les- .ts

would happen for dc and ac apldi( ation.

lielatively small scalec 'ests have been carried out with fHuott)-
(27)

carbon liquids at 250 ppls -- ,L repetition rate of interest tor rartar. ki lhilb

cuns.ant frequency, the effect of gap spacirg was evaluated at one [tulse dur-

atioe (Figure 5. 46); also at one gal, spacing the pulse duration was varied to
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Table 5. 18 Breakciown vo] ,age V B or ai-
transfoinw i oils tir (iffc('Unit initial ,1 ,itt s.

V -luldw '()~~CO
B 62 rahonVlgc.f

Gulf Trauscr st 6?

V, Breakdowii Vuitagc of
B 3:; Esso Univolt 33

V B4/6 13rcalc '1 own Vrja]{r., of
B4~/ .ls~oSpeialMarcol 42/46

Initial State v (k62 m (kV/c m)l v V.

of Oil 1362 rn B33 B42/'46

Crude 370 + 20 430 20 410 :k'

Filte red 370 1 20 430 20 410

Pumped 595 :L 30 475 *25 500) :5
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1.3 sc, - (FiU uit 5.47). Two fluet'oe(C 'hoi) ,quid- wer, ,ested, 4h, , r ,,,

ciA aclc'istic for which are on,'e;) ýn Tbli 5. tO.

11 is concluded that a reduction in electric strength of 25% ,

suit L f rom a gap increase of 0. I-2. 0 rnm, or, as the pulse duration x s in-

creased from 0.4-16 i secs.

5.4. 2.8 Liquid Pelrformance tinder I' essurization

It is evident that workers in the USSR have long accepied ¼.- a,i-

(28)
vantages of pressurizing liquid dmilectrics. Publication of work C(oti(' at

Birmingham University, EnglandI, indicated that the electric strt{ngih of itrans-

former oil(29) and pure hydirocarbon liquids(8 0) are dependeni upon hyi0r -

static pressure over the range 5 mm f-ig to 350 psig,

Stressing th(, significant advantages which may I1t' gained ii Ihe

I tansient storage of energy, IJSSII workers have made rece'ni elaiis ti, sup-
(31)

porting stresises of 700 IV/cm in deionized, pressurized wattr fov Ilt'-

iods of 10-15 microseconds. In these experiments, water was tnessu i;ed
2

to 150 atmospheres. For an assumed electrode area of - 1.0 oen' , 2h tt- is

3-4 times the stress which Could be predicted for atmosplw'r'ic wawte v'id, tn

cm -ris of energy stored, an order' of magnitude increase. It is c,.urn th tFat

,i'cssitrization of a liquid significantly affects the initiation aid Lin'tl¾ If

)reakdown streamers.

For pulses in the microsecond range, one can (evanin •., 'Iw.,uit
(32)

of IKao and M,llMath. These workers performed tests wilh w,, tntasl'iva

lime Lo IrCeakilown andI electric strength for diffeien. raltes If ajpliied( "-

over a tiessure range of 0-200 psi. The experiments wv e•re 1 tontit l-id ýVi' I

sphue'it-d h.et'l tuodes, 2. 0 cm diameter, -,0. 1 cm gap spacinig ,tVd tIm .: !'v

rising ptulses. Their results for transformer oil are shouNn w 1' igw,'n 5. 48.

Using Mai-tin's relationships, the data may )( wr.i- tten

1/3
Ft/3 = . 0 (one atmosphere pressutiizotion) (30)
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125 1 1 1 1

I M)I

(1510 15 20)

po]ML -01 (u rati oil ,

Vaiitatioii inl (4mltitcl( irength with pulse--toll dtu, 1 1 oi

Rcte iut i,)t l'ieqU011CY 250 pulse/sI
h~e LI'O;i(.-~kaing =1 min

Fiu-l . 47 SIl r('flgtI ot Irceon.- ufldui riýpketi iv( pl)UI

'fable 5. 1! Physical pro.pe~rtie-s kol the friocns.

LLiqUid LYPC IP2

Chemical formula C6 F14  74
Boiliny point at I atm. 'C 57 76
Densit at 21'C. kg/rni3  1-695x 10l' 1-788 x W(1
Viscosity at 25'C, m2Is 0-39-- 10 6 0-88 x<10 I
Molecular wveight ] 338 350
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Figure 5. 48 lressure effect in oil.
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Ft 1/ 1. 45 (14 ai.mousph(- S pre~ssurization)(

(using previous definitions of 1 and assumed str'-ssed area

1.0 em2

It can be seen thai for t of 1 ,_Lsec, there is a 50% increase In J-.,ieectrjt

strengt h and ['r t. of 10 ý,sec, the- gain is 2.

At this timne t he Air ore W-apons Laboratory is -;ponsori or

t~her programs for pi 'SS~riZ(( liquidS.

5. 5 Theory of Breakdown

AlIthough there is no uriiquc ly accepted theorly 01no l uo

liquid die~lectric meidia, thv re is a wide accept unce of an initia, nz ffi( Id -. ,n -

hanCed, or, field em-ission prou(ess. (1,3,L,3,3)Man.), o rkf-c hv'

contributed in this search Coi- a theory through investigations )t )ncLIG-"nree

(5)
cuOrrents and kelectron-ion mobilities under various dliuleci ci- -envron

mental conditions. Sm-all volumes of piure liquids haveI been11 11ses11

F ~~~~to approach ' he intrinsic prcipr tie s v.vth ai 1-'.;edon-I frwiri the t, t'c

of c-ontaininaicts.

\Vatson s- work on the onsei of thermnal breakdown -I Xi IM,

pirovideis ai convincing analysis of what lie. calls, th, "New Thcriinci AMloo

It is claime(d lthat high mecan current denlsities exist in liq uids at ftleas .l~

to(- breakdown. The se cu rrent s originate Lit the tips of aspe citie s ()Il he ~

ode0 surface due to the field emnissionl pruo' ss, providin g) el)i L)' .11.1 Tio-

wi hich could lead to the vaporization of small yoinnices ()f tt hi Ij LUl Ill 1111 1'. 0-

seicond t,1ifc dti rations. Local (Iischacges within1 tHeSe low Stlcc cigth VOilninc.ý

of vapo~i cotiic lead~ to breakdown in the, iuitei-ci ct ricci volume(. 1

Through estimates of thl pceae -litdcurtrent romnl

poi1ni -j ;F~ine 011)roxiim ation arid the i aeW fieid at a reasonaoic caithode radlius,

itis ,iihiwii I oo adeqla~te' power cati exist for lo( al boiling of thue liquid. Thej

qo ii'. lI -wt density of 5 x 10 8Wia+-;s I. in3 is chimiynci to be cii5'0;withI

;ý-iw( rji ridii of '-0. 4 microns. The propagation ol tile ocealkdowi i inl
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'hose loc'alized volumes of high power density is claimed to be via high vwio-

city streaming of the liquid away fron these cathode points. It has been

shown that ion drag forces(37) can promote an efficient pumping process for

these streamers. Streaming due to plasma effect and heating have also

"neei sugge.sted to explain observed and calculated velocities in the ran-_ze

0 3-to4 cm/second. If a streamer, or filament of vapor, has enough nergy

to propagate across the gap, or a major portion of it, complete breakdown

can be expected through the low strength vapor or heated liquid columrn.

It is observed by other workers that this model, or som'thing

similar to it, is consistent with the effects obtained by pressurization- -a

raising of the boiling point and pressurization of the vapor resulting in higher

eluctric strengths for the liquid.

Workers in the USSR have observed these break.•own in(mchanisms

and have shown growth processes using high speed photography( 3!1, 40,

which an' consistent with 1he general contemriporiary undirsiandi'igs of l)iquid

dielectric beuhavior.
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SECTION 6

SOLID DIELECTRIC

S ]6. 1 ffit roducti~on

Solid insulation is expensive and not self-healing. At high voltage,

a puncture failure is catastrophic. This partly explains why the electrical

powert industr-y makes use of air insulation for the bulk transmission of elec-

trical power at high voll.ages. Underground cables (paper/oil or high pres-

sure gas insulated) are used when other circumstances dictate the choice e.g.

in cities. The dresigrir(c' normally attempts to keep the quantity of highly stressed

solid insulation to a minimum by redu.ing the number of suspenwsion points and

inc reasing thU J]en.,'tli of thi, insulator string.

Whereu it is necessary to r'educe the spacing heo w•-en high- and low-

voltage electrodes or conductors, the designer turns to high- vacuum, high-

pressure gas, insulating liquids, solids, solid/ Kg-pressrv as or solid/liquid

insulation. Typicai ;.yrplation s where this need airJs ,s in clii,, underground

cable, high-voltage I i-anlsformnetps, switch gear, capa( ito is, power supplie-s and

pulse generators (h airticularly of the low inductance. i.yp.). I'yen where vacuum,

gas or liquid is tihe nain irsulant, solid dielec(t'ics UOre 'equi1'ed for supporting

the high vo]ltage stlctuieA1-s. Fl'ashover anl tracking a erc their usually the im-
portant raclors a'lfeeiing cleapances.

The theoretical electric strength of solid dil.,ctrik s, based on

ionization and bond breakage, is very much higher than that of other media,

and reported nit rinsic strengths (measu red uncle P losely conl rolled conditions)

fall iii i.hu raiige. 2 to 20 MV!/ rn. Operating stresses, however, areL. usually

(1)
onQ1e or two ci'teU'.-; of magnitude lower than this (I 'abl u 6. 1). In- this r espect,

electr'ie(al insulation hdoes not differ' from materials used for t.heir structural

phropeLties where the design stress is far rem oved from the nrnechanical in-

trinsich sti'englh. Ln principle, the reason for both i.- the same -- the presen'e
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Table 6. 1 Typical working stresses in practice.
(Whitehead(1))

Material Crest Value of Working Stress

Paper impregnated withoil or 70 kV/cm ac

compound at normal pressure

As abcve but at 200 psi 150-220 kV/cm ac

Capacitor paper, oil impregniated 150-220 kV/cm ac and dc

Capacitor paper, wax impregnated 100-200 kV/cm ac and dc

Rubber, pvC 30-40 kV/cm ac

Polyethylene 100-150 kV/cm ac
50 kV/cm ac HF

Porcelain 5-20 kV/cm ac

Mica - stacks 150 kV/cm ac

- single plates 300-500 kV/cm ac
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o" defects which give rise to scatter in strength resuits and an ensuing "area"

or "volume" effect. More will be said about this later.

Frequently, other properties of the dielectric are more important

than the dielectric, strength, for example: cost, compatibility, mechanical

properties, thermal properties, processability, and electrical properties such

as lo5ss angle. Table 6. Z provides a convenient checklist. when assessing the
(2)

suitability of several materials for a particular application. For example,

many excell.,nt plast ics are seriously affected by minera.l oil or themselves

degrade demincralized water.

It is obvious tlherefor'e that great care is needed in selecting the

solid dielectri, lfoi, a particular application, especially at. high voltage. Envir-

onmental and mecmhaniei factor's alone may eliminate an otljcjlwisf, attractive

material. Due consideLration 111uSt be given to expected life. matecrial and pro-

cessing costs, nolnL'il anrk abnormral stresses on the systein,,and factors of

safety. The real (0ok,3. of' failure will affect the reliability specifieýd. Having

selected a material the Iesigrmr must take uare with the. el.ctoic Field configura-

tion, particuflarlyat ineuniform field regions and solid/h(Uid, solid/gas and

solid /vacuum in t crfaceu.

To pIoduLce an ef0fcCtive design, the engincer should be aware of

the inechanisijn of' b•rakdown and the factors which af'fe.l breakdown. These

arc discussed in lalur sections. Finally, a word of warning; ASTM test figures

for solids are of little value to the designer. The small spread in streungths

for a wide ange of' inalcrials obtained by this test me11hod emphasizes the fact

that miaterials si. ltll 1W evaluated under conditions closely -;inulatinL those

experienced in p '.tic,-, with due allowance for area and volurnme effects.

6.2 Breakdown Mechanisms

Solids usually break down due to one of the following, mechanisms,

acting singly or in combination (see also Table 6.3).
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Table 6.3 Breakdown processes in solids.

Breakdown Mechanism Comment

Intrinsic M~kterial disruption due to
electaron processes.

Electromechanical Forces resulting from elects'o-
static field.

Tracking Conducting channels forming
on the surface.

Partial discharges Discharges in non-solid
rugions, c. g., voids.

Thermal instability [leat generation rate due to
losses exceeds dissipation rate.

Electroche nical increase in chemical activity
due to electric field.

, _l -3o2.
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(1) Intrinsic

(2) Electromechanical

(3) Tracking or surface breakdown

(4) Partial discharges

(5) Thermal instability

(6) Electrochemical deterioration

The final collapse of voltage is usually intrinsic.

6.2. 1 Intrinsic Breakdown

Intrinsic breakdown of solids is generally assumed to he electronic

in nature, and either of the avalanche or collective electron type. (34,5)

Cooper(' 7 discusses these and some of the difficulties in intrinsic strength

measurements. Early attempts at measuring intrinsic strengths showed a

variation of strength with thickness. However, by taking care with the elec-

trode edges and reducing thermal effects, intrinsic st rength was found to be

almost independent of thickness and electrode material. Techniques, using

recessed electrodes or high quality encapsulants, (8) have replaced the earlier

disc shaped specimens and curved electrodes which were limited by the elec-

trical strength of the surrounding medium. For example, test stresses were

limited to 100 kV/cm in air, 500 kV/cm in oil, 3 MV/cm in high-pressure

gas and 15 MV/cm in distilled water. The use of pulse voltages, with break-

down occurring in less than a few microseconds, has reduced thermal and

surface flashover problems. However, some materials exhibit reduced

strength under fast pulse conditions; Lhis is believed due to the absence of

electric stress relieving which can occur on dc and slow pulse.

Intrinsic strength is associated with the physical structure and

temperature of the material. Above a critical field strength, free electrons

are accelerated, increasing their number in a runaway manner, leading to

catastrophic failure. Free electrons will always be present in solid dielec-

trics due to imperfections and impurities, thermal effects, radiation absorp-

tion and field emission. In gases, the energy loss mechanism for electrons
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below the breakdown stress is based on inelastic collisions with the gas mole-

cules, kinetic energy being converted to excitation. In solids, due to the band

structure, excitation and ionization are almost the same. The energy loss

mechanism for free electrons below the breakdown stress is based on molec-

ular vibrations.

Tables 6. 4 and 6. 5 show some values of measured intrinsic strength

for several common insulating materials.
(9)

Artbauer has investigated some factors which prevent the attain-

ment of intrinsic electric strength in polymeric insulation. In particular,

increasing size, and time at stress, reduce the measured breakdown stress. Sam-

ple data fit extreme value theory better than normal or log-normal distributions.

6.2.2 Electromechanical Breakdown

The electrostatic pressure exerted by the applied field on the dielec-

2 2
tric (0. 5 C E n/mr ) causes mechanical strain. At any dielectric/dielec-0 r

tric or dielectric/metal interface, this electrostatic pressure puts the surface

in tension. Should this exceed the tensile strength of the material it will fail .

mechanically. For structures where the dielectric supports the electrodes,

the electrostatic pressure compresses the material. Materials with low clas-

tic modulus can be thinned considerable even to the point of mechanical failure.

The effect is more pronounced at temperatures approaching the softening point.

Polyethylene is an example of such a material and mechanically initiated break-
(10)

down usually occurs at temperatures above 400 C. (See Figure 6. 1.)

Fava, working with polyethylene, concluded that electromechanical failure

occurred at elevated tempertatures when a dc stress was applied. The impulse

strength was only slightly reduced.

-304-



I
Table 6. 4 Electric strengths of various polymeric organic

materials measured at or near ambient temperature (Cooper(67)).

Electrical Strongth

Polymer Voltage Type MV/cm

Epoxies do 5-9

Polyethylene do 5-8.7

Polyethylene dc crest 7.9-9.4

Polystyrene dc 5.9-6.7

Lucite dc 9.8

Polypropylene ac crest 8.0

Nylonite ac crest 6. 6

Polytetrafluoroethylene ac crest >8.8

Polyethylene- dc 5.9

Terephthalate ac crest 5.5
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Silvar
- B Electrodes
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0
-200 -100 0 100

TEMPERATURE -(C)

Figure 6. 1 Electrical breakdown of some polymeric materials.
Polar: A, polyvinyl alcohol; B, polymethyl mnethacrylate;

C, chlorinated polyethylene (8% chlorine); nonpolar:
D, polystyrene; E, polyethylene. (Reference Mason (10)).
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t. 2. 3 Tracking or Surface Breakdown

Solid insulation may fail by surface breakdown which can be of two

types, tracking and flashover. Tracking consists of the formation of a conduct-

ing path (usually of carbon) on the surface. Surface flashover is a breakdown

in the gas (or liquid) along the surface; it is therefore a gas (or liquid) dis-

charge phenomenon and has been discussed in detail in Section 4. Unlike track-

ing, flashover does not necessarily permanently impair the dielectric surface,

although it may be eroded. Tracking is essentially a long term process usu-

ally starting as an ionic conduction current in the insulation, or developing

from surface deposits or damage caused by near-by discharges. Conducting

channels usually form as the current concentrates due to local variations in

the surface. Semiconducting films can be used to reduce this effect some-

what by grading the surface. The alternative is to choose surface treat-

ments which provide good insulation and are discharge resisl:ant and hydro-

phobic e. g. silicone and antitrack varnishes. Billings has shown that the

tendency of polymers to fail by tracking depends on the chemical structure.

Teflon, for (!xample, is extremely good on holh dry and dust/fog type tests.

In general, polymers based on aromatic compounds or with weakly bonded or

easily oxidized chains, are susceptible to track formation. Aliphatics tend to

be more track resistant, except where side chain losses occur, as for exam-

ple with polyvinyl chloride. Cycloaliphatic epoxies tend to fail by erosion

rather than tracking.

Polymers which do not track under normal conditions are those

which give off volatiles and therefore crode. Any carbon formed is normally

amorphous. For example, polymethylmnethacrylate decomposes by chain

scission.

The Dust Fog Test (ASTM D2132-6T) is used to compare mate-

rials as to their suitability for outdoor insulation. Billings gives the follow-

ing figures for a surface one inch long, coated with a saline contaminant and

,!-poso0d to artificial fog. Test voltage is 1500 volts.
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The numbers in parenthesis are the hours to failure when tested

as described above. Polytetrafluoroethylene (600), Polypropylene (191),

Perspex (Vethylmethacrylate) (162), Polyethylene (33), PVA (1.0), Poly-

styrene (0. 9), Polyvinyl Chloride (0. 3), Polyearbonate (0. 3). Nylon ranks

low under track tests.

6.2.4 Partial Discharges

The mechanism of insulation failure by partial discharges has

received a lot of attention during the past few years. It is one

of the most important factors determining the life of insulation when operated

at medium to high stress.

In practical solid insulation systems, it is virtually impossible

to remove all voids. A void is a region where solid or liquid is unintention-

ally absent; this region may contain gas at pressures varying from a few torr

to a few atmospheres. Above a certain stress, often labelled the corona in-

ception voltage (CIV), gas discharges occur in the void. Continuous operation

above this level (ac and pulse especially) eventually leads to insulalion failure,

in addition to generating radio interference. The stress at which discharges

occur in the void depends on several factors, the most important of which are

void size, shape and location, gas pressure and type of gas, dielectric con-

stant of surrounding medium, and waveform. Two simple void shapes are

shown in Figures 6. 2 (a) and 6. 2 (b). For x << d, the electric field in the

voids under ac stress are e V/d and 3 c V/d(1 + 2 E ) respectively. Figurer r r

6. 2 (a) could arise due to a crack or incomplete impregnation of a laminated

structure whilc 6. 2 (h) could be a bubble in a solid or liquid dielectric. Two

other common discharge sites are shown in Figures 6.2 (c) and 6.2 (d).

The effect of void size depends on the pressure and nature of the

gas in the void. It is found that the breakdown voltage of a void follows closely

the Paschen curve. Air, for example, shows a minimum of 300 volts at a

pressure times gap product (pd) of 0.6 torr-cm. Thus 50 micron diameter
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Figure 6.2 Various locations for partial discharges.
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spherical voids containing air at NTP will break down in most solid dielectrics

operating at 100 kV/cm and greater.

The discharge repetition rate is very sensitive to the applied volt-

age waveform. For dc stress, above the CIV, the rate of discharges is usu-

ally counted in number per hour, e.g., in polyethylene insulated cable operat-

ing on de. For other waveforms, repetitive discharges occur only when the

voltage is changing, i. o., increasing or decreasing. Figure 6.3 shows the

equivalent circuit and void voltage waveform for an applied triangular voltage.

CE is the bulk capacitance of the sample, CV is the void, CS is the capaci-

tance in series with the void, R is the equivalent leakage resistance of the
'V

void, and gap G represents the breakdown of the void. Note that the gap Gz

ignites when the void voltage is V and extinguishes whe,,n it drops to Ve; the
i ext'

result is a relaxation phenomenon.

Successive breakdowns in the void cause material erosion and

degradation by thermal damage, TJV radiation, ion and electron impact or by

thin arc channels fed by transverse discharges. Garton(16) xamined these

and concluded that electron and ion impact are the most likely cause of ero-

sion. There will be microscopic areas wheref erosion is more, rapid than

average. These develop into channels which propagate by local intrinsic

breakdown at their tips.

The erosion rate, besides depending on maierial, voltage wave-

form, void geometry and location, also depends on tHe chemical nature of

the gas in the void and whether or not the void is vented. For ,xample, when

both nitrogen and oxygen are present, nitric acid is formed which is very

deleterious to both insulation and electrodes.

The life of insulation, operating under partial discharges, is thus
-7

limited. For example, lucite is reported to erode al '1-5 x 10 rnm/pico-

coulomb. Discharge inception measurements give an indication of the sound-

ness of the insulation, and quite sensitive detection equipment is now readily

available. ASTM D 1868 describes one standard method.
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Voltage across void in
i absence of discharges
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(a) Equivalent circuit of sumplc (b) Void voltage in presence of
with a void present. discharges for triangular' wave-

forn appliod voltage.

Figure 6.3 N'quivalent circuit and typical voltage
waveform of a void.
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6.2.5 Thermal Instability

Under an applied electric field, some currents flow in dielectrics

"which generate heat. These currents are of the conduction (ionic and high

field) and hysteresis loss component types. The rate of heat generation is an

increasing function of temperature, electric field and frequency. Other potcn-

tial sources of heat in insulation are partial discharges and nearby hot metal

conductors. The temperature distribution in the insulation depends on the

location and magnitude of the heat sources as well as the geometry, temper-

ature and thermal properties of the medium and heat sinks.

Thermal instability can occur at any point where the rate of heat

generalion exceeds the ability or the material to dissipate. The critical volt-

age at which thermal runaway occurs in a system depends on the voltage wave-

form (de, ac, pulse), amhbient temperature, geometry, and material properties.

The following equation has to be solved for, each particular prob-

lem, putting in the appropriate boundary condilions.

C dT/dt + div (k. grad T) = o (I1) H'2 (1)

CV = specific heat per unit volume

k = thermal conductivity

F = electrical conductivity (effective value for given E and

f-equency)

R = electric field

T = temperature

(17Z)
Analysis shows that there is a maximum thermal voltage for

an indefinitely thick specimen. For example, under dc stress and with the

assumption that the material electrical conductivity c increases exponenti-

ally with temperature, the maximum thermal voltage is given bv
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2 kT

2TH oY -- (2)
0

where k = thermal conductivity
and T = ambient temperature

0

Note that the temperature dependent conductivity results in a certain amount

of stress relieving on dc and is one of the reasons for the higher thermal

voltages.

Calculated maximum thermal voltages for several materials are

shown in Table 6. 6. The general indication is that continuous solid insulation

thicknesses greater than 10 cm are of little electrical benefit. With good do-

sign, thermal instability should not be the limiting factor on dc. On high volt-

age, high frequency service the thermal voltage is probably the limit, although

poor quality control may result in breakdown by partial discharge. Greater

thicknesses and voltages should be attainable for low repetition rate impulse

stresses; life will probably be limited then by partial dbschar-ges. Analysis

of thermal b-_eakdown under pulse conditions can hc carried out using the

above equation modified by omitting the second tePrm, since usually thermal

conduction heat losses arc negligible and the heat input goes into raising the -

local temperature.

6.2. 6 Electrochemical Deterioration

Electrochemical deterioration is just one aspect if' the general

problem of chemical stabiliiy of the insulation. Cliernical processes can be

initiated or accelerated by the ionic current resulting from the applied elec-

tric field. The deterioration rate is affected by the cturrent density, the nature

of the ions, temperature, moisture, contamination and the voltage waveform.

The effect is greatest on de, particularly with mixed dielectrics.

Chemical changes can also come about due to elevated operating

temperatures and exposure to radiation (either from external source or local

or•jnu),
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Table 6. 6 Maximum thermal voltages.

Thermal Voltage (MV)

Material
dc 50 Hz 1 MHz

Mica 24 7-18

Rock Salt 38 1. 4

Borosilicate Glass 4. 8

High Grade 2. 8
Porcelain

Polystyrene 5 0. 05

Polyethylene 3-5 0. 05

Acrylic 0. 3-1
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6. 3 Factors Affecting the Breakdown Voltage of Solids

The aim of good electrical insulation design is to provide the re-

quired electrical characteristics and life at minimum cost. The number- of

suitable materials can often be quickly narrowed down to three of four b1'ecause

of various constraints, e. g., compatibility, temperature, mechanical loads,

shape and size. In making the final selection of material and deciding on thick-

ness and shape, the designer is seldom fortunate enough to have before him

dielectric strength data directly applicable to his design. Because of this, in-

dustrial designs change slowly both in shape and materai'al usage. Only after

extensive research, development and field trials (which may take from three

to seven years) axe radical changes introduced. When time and finlancing arc

available, materials should be evaluated under conditions rep.'e'.senting, as

closely as possible, those eventually experienced in praVCtice. Unfortunately

this is seldom possible. Often the designer' can only re0er1toI' t insulation manu-

facturers' literature, company reports and plblications in jout'nals. The for'-

mer are usually ASTIVM test figures which are seldom of much value and the

latter tvo aro usually limited in the range of test conditions. 4
This section is written to help thi designer by indicating the iniai

factors which influence the breakdown voltage of solid insulation. Thus, avail-

able dielectric stength data, although not imn('iidately useful, can be nmodified

to suit the new design. For exaMple, mate rial X is known to have opeOrated at a

stress of 100 iV./cm for 1000 hours; how long is it likely to last at 150 kV/em?

The main factors affecting the breakdown voltage are shown in

Table 6.7 and discussed further below. It will be assumed that by cor-rect

choice of material and system geometry, failure by elec(rochenxical dcteiiora-

tion, tracking and thermal instability has been eliminated.

6.3. 1 Time at Stress

For economic reasons, high voltage insulation is often operated

abovew the corona inception voltage (CIV), with partial discharges occur-ring
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Table 6.7 Factors affecting the br:akdown voltagi of solids.

Factor Comment

Time at Stress Small reduction in stress often increases

life considerably.

Ilsulation Thickness hi practice, operating iess1i usually

reduced for thicker sect:ions.
Area and Volume An increase, in area (or volumei() by 103

reduces stress by factor 2 (typically).

Environment Can result in failure by tracking, chemical

deterioration, ther mal bceukdown, radia-
tiofl effects.

Waveform Peak to peak voltage imporlant. K
Polarity Point to plane: negative breakdown voltage

greater than pO, iwiv&' for niost solids.
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in voids or near the electrode/dielectric interface. The useful life of the

insulation under this condition is very much affected by the working stress

level (Figure 6. 4). Most solids appear to have a voltage-life characteristic

of the form

P ý constant x (V./V)n P3)1

where P is the number of cycles or pulses to breakdown, V is the applied

voltage and V. the corona inception voltage (CIV). The value of "n"1 dU-
1

ponds on the material and typically lies beiween five and eight. Thus, mea-

suring the lives at higher stresses enables the longer life at reduced stress
~(18, t9)1

to be predicted. Mylar, for example, has n - 7. 5 and polyethylene
(20,21)

between 6. 5 and 8.5.

Another' method of accelerating tests is to raise tie test frequency.

To date, this method has given inconsistent results when the Lest fi-equency

exceeds a ,ew kilohertz; the results usually preditt an optirnisLic 60 Hz life.

For frequcency acclei-ation, the assumption is generally mad(e that the num-

ber of cyclces of applied voltage to failure is constant. This is not true for

internal and scaled voids since the equilibrium pressurt, in the void depends

on the discharge rate; and the equilibrium pressure affects the corola ilter-

action. With open voids, frequency accelcratieon can usually be used if humidity

is kept low and sufficient gas flow is maintained. Figure 6. 5 shows some re-
(22)

suits for polystyrene.

For many insulations eperating on pulse duty the peaCk to peak

voltage of the pulse determines the life. lor example, polyethylene insulated

cable ope rating under pulse conditions has its life reduced by 90% if the pulse

reversal is increased from a nominal 25% to 85%. Increasing the peak stress

of a unidirectional pulse by 50% reduces the life by approximately 95%.

It is clear from the above relationship that the insulation designer

:flihild attLempt to raise the discharge inception level by good cloetric field
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Figure 6. 4 Life data for plastics with
internal discharges (Ref. 15).

Discharge Inception Stress

Code Material kV/cm peak

A Polyethylene -- cable 137

B Polyethylene -- 100

C Polyethylene -- disc 35 - 50

D Polystyrene -- plasticized 28

E Polystyrene -- non-plasticized Z8

F Phenolforrnaldehyde -- molded cavity 18

G Nylon - - 20

H (nylon ± cellulose -- machined caviLy 18
filler)
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Figur'• 6. 5 Life/stIeVS for polystyroriQ (unliforl field). (22)
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control and elimination of voids and discharges (particularly in high field

regions). High quality control is essential during manufacture and assembly.

In applications using tape or sheet, vacuum impregnation is normally neces-

sary for long life. For cast insulation there now exist guidelines for produc-

ing high quality, low void content castings. (23,24,25) Low dielectric con-

stant materials clearly have advantages.

The benefits of removing partial discharges are seen in Figure
(26)

6. 6 which compares the life of PTFE when operating with and without corona.

Paper insulated cable is similarly improved when oil impregnated or filled

with high pressure gas.

The waveform of the applied voltage, has a considerable effect on

the life. This is discussed mnore fully later.

6.3.2 Insulation Thickness

Most published data on the dielectric strength of solid insulation

suggests that the dielectric strength falls with increasing thickkness. This is

probably due mhore to the method of measurement than to sonic inheurent char- 4'
acteristic of the material. ASTM 1)149 for examplelU suIgeLsts that the standarLd /

1/2
test method gives a square root law i.e. V a cd This test method, and

many methods used in the literature, are based on a geometry which permits

discharges at the electrode/material interface. Undhtr these conditions, some-

thing less than a linear relationship between spacing and breakdown voltage

is to be expected.(10) By improving the test geometry (s(,e s(ection on "In-

trinsic breakdown"I the voltage/spacing relationship becomes almost linear.

Figure 61. 7 shows some data for crosslinked polyethylene cable
(27)

with multiple layers extruded in tandem. The ilmpulse breakdown

stress level of 0.7 MV/ncm at a I cm wall is of interest. Impulse strength

data(28) for polyethylene, EP' rubber and butyl rubber insulated cable show

an approximate linear dependence on wall thickness (at least up to the 15 mm

reported). EpIoxy resin(29) shows an almost linear dependence when the
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elect Fodes are properly encapsulated. Figure 6. 8 illustrates the linear

depondence (curves 3a and 3b) and the square root result (curve 1) when the

electrodes are external to the test sample. Curve 2 shows the effect of re-

ducing the sample volume and area (see later).

With the following exceptions, therefore, it may be concluded that

in a well designed system, the breakdown voltage increases almost linearly

with thicklress. Exceptions are where:

(1) Samples are extremely thin and the thickness is of the or-

der of electron mean free path.

(2) Breakdown occurs by the "thermal" mechanism e. g. high

frequency operation. lTcmjp('etULe(? increases with thickness.

(3) Allowance must be made fot increasing stressed volume.

6. 3. 3 Electrode Area and Stressed Volume Effects

The area or volume effect on dielectric strength has been dis-

cussed earlier, both in general (Section 3), and in particular with regard to

gaseous and liquid dielcctrics (Sections 4 and 5). The effect is most import-

ant to the application of solid dielectrics and will be discussed in further' de-

tail here, par'ticularly as it effects solids.

lectrical insulation of comnixercial purity usually fails at stresses

well below those measured on small samples under' closely controlled condi-

tions of purity and prepat ation. Experinment shows this to be true, at least

for' solids, liquids, vacuum and gases at high )reSSt•:I. The observed re-

duction in mean breakdown strength with iticr',asing sample size (volume or

area) points to the presence of inmpe.rfections (impurities and voids for ex-

ample) in the stressed region. Thus the probability of breakdown in an ele-

mental region will depenid on both the probability of finding an imperfection

in that region and on the distribution of imperfection size. Increasing the size

of ;t sample under stress clearly increases the probability of finding increased

iip,,.•.l'f'ction size, i.e., reduced breakdown stress.
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Figure 6.8 Breakdown voltage U in kV of epoxy resin moldings vs
wall thickness S in rnm. Arrangement (1): Test sample 200 mmio
diameter between a spherical electrode (20 mm dia) and a flat
electrode (50 mm dia). The wall thickness is reduced to S with a
spherical deepening. The insulation surface under the electrode
has a conductive painting. Stressed area is smaller than I cm 2 .
Arrangement (2): Spherical steel electrodes (10 mm dia) molded
in an epoxy cylinder (80 mm dia x 150 mnim long). Stressed area
is smaller than 1 cm 2 . Arrangement (3): Rogowski electrodes
(50 mm dia) with a stressed area of 20 cmz and with a) a graphite
painting on the insulation surface, and b) an iron cloth in the

epoxy surface. (Ref. 29)
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The statistiCS use~d to describe this effect can best be described

'1 Weak link"' theory since breakdown, by definition, occurs at the weake~st

spot. [Extreme value probability theory (3 0 ) has been applied to this type of

problemi with considerable success, (31, 32,9) enabling the d', Jectric strength

of larger specimens to be predicted.

Breakdown due to imnperfections gives rise to statistical fluctua-

tions in the meaSUred breakdown strengths. For exwanpie. if apparently sim-

ilar samples are tested unde-r identical test conditions, thuy will not fail at

the 8amec voltaoe. It is Usual ther~efore to quote the mean value. of dielectric

strength E' and the standaird deviation a. , for the tested material, although it

Would be2 better to give the cumxulative, probability of breakdown P(El) as a

function of' L and the test geoln(t ry. This information c-an be used to predict

the strength of saxnp1 es of atiothe r size.

A simiple, but perfectly gene ral, appiroach is the following. If

P(U) is the cumulative probability of' breakdown up to voltage U for an dcl-

mulii al Sam ple, and 1) (U) I he coroeesponding value 10or 'n1 6uchI sample S
11

tested in lparuiliei, then bY using the btinomial distribution function -

1) (U) 1, - 0 - I' (U))" (4)

This result makies no(- al-ssumption concerning the formi of thu basic distribution

involved. Figure 63.0 gives the results in a useful formn. For a norm~al dis-

tribution, the effect of n = 10, [1)0and 1000 is to reduce the observed rnean

strengi I by approxiimately I. 75oa , 2.0 c, and 3. 25 () respectively.

In all casc s, the magnitude of the size effect is very dependent on

the variability oft ihe insulution (standard deviation). Cre-edonl(3 has de2ve-,I

uojcd the ide as genierated at Ithe Atomic Weapons R~esea rch Establislimonm

slon Enland byJ. C Matin(34)
Ald~'ine-ii oI'nlod y . Mri and derives a volume( effect whirh

is dfepond,?ni on 1he st~andard deviation, F'igure G. 10 has been derived from4

his 1lwery to show INhr dependence on u
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1.0

• ---- c= 10

0. 1

`-C= 10o, 000o

Mean brcakdow strength of volunc (u ) = L2

Eprexss(d us k21 where E I is mca- breakdown

strenglth for volume V

V C2 V

0.01
0 10% 20% 30%

Standard D)eviation (Percentage of Mean)

Figure 6. 10 E;ffeet of increasing volume and standard
deviation on mean breakdown strength.
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There still seems to be some confusion as to whether to use area

or "volume" for the size effect. Intuitively one expects a volume effect if the

imperfections causing breakdown are distributed throughout the insulation,

and an area effect if breakdown is initiated by imperfections on the electrode

surface. Martin(34) concludes that for many plastics, a volume effect exists.

Some of his data for pulse breakdown arc shown in Figure 6.11. Note that

volume refers to the actual volume stressed to 90% or greater of the nmaxi-

mum field strength. Figure 6. 8 also illustrates a volume effect for epoxy

resin. Comparing curves (2) and (3a) a reduction in strength of approximately

50% is observed. The corresponding volume change is approximately 250:.1.

For the given a = 15%, Figure 6.10 predicts a similar reduction in strength.
S . (:35)

Using Figure 6.10 and the results of Eustance for polypropylene film,

where an increase of 104 reduces the breakdown strengrth to 0.55, the stan-

dard deviation is 7.5%. This is remarkably low for solid insulation and is

indicative of the cleanliness of the polymer and the quality of the film making

process. In this respect, plastic film is usually superior to paper for im-

pregnated capacitor insulation.

Some filled epoxy resins wei'e sludied a1 '-)n 1PhYsics Corporation,

Burlington, Massachusetts, as to their suitability for highly stressed, high

voltage insulation. Tests on small samples (2 inches diameter, 1/4 inch

thick) gave lBD = 2.4 MV/inch and a = 18%. Two large samples (approxi-D3'

mately 200 inches , 0. 5 inch thick) broke clown under similar test conditions

(dc) at a mean stress of 0. 97 MV/inch. Pigure 6. 10 predicts 1. 03 MV/inch

for these conditions, assuming a volume effect.

The volume dependence reported by Morton and Stannett(37) for

mylar, polystyrene and polyehylene are equivalent to a standard deviation of

12% (from Figure 6. 10).

Milton, using casting resins, concludes that an area dependence

exists. His results are shown in Figure 6. 12. Other tests, using Rogowski

profile electrodes, failed to show a thickness effect. It should he noted that

the work was done with unfilled polymers and relatively small stressed volume
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Figure 6. 12 Electric strength of thu three encapsulating
materials relating to test area. (Ref. 38)

-33 1-



2
(.03 inch maximum gap, 10 in area). Even the lowest measured stress for

epoxy (5 MV/inch) is high by normal commercial standards. It is possible

that breakdown was electrode dominated for his tests with a consequent area

dependence. Support for this appeared in later work by the same author in

which the mold material was found to have a large effect on the breakdown
(39)

strength.

To summarize, a size effect results from inhornogeneity in the

insulation. Commercial insulation will contain imperfections, the type, size

and numbe r of which will determine the standard deviation of the mean break-

down strength. The standard deviation of common solid dielectrics appears

to be in the range 5 to 40% (plastics 5-15, filled epoxies 15-25, mica 10-40),

The larger the standard deviation, the greater is the -;ize effect. Thus plas-

tics, with say t = 12%, will show a reduction in mean breakdown strength of

50% when the volume, is incrrased by a factor of one thousand.

Since the dimensions of high voltage equipment increase at least

as fast as voltage V, then tHI voluLmne or stressed dielectric increases as V 3

or V4 . The successf'ul 1)t'OdU'tiOnl o[ a IIV component obviously requires good

design,but perhaps inore imnportant, needs extr•mely good quality control

both in matc rial alid processing in o rder' that the variability he kept small.

Unlike gases, liquids and vacuum, a puncture in solid insulation normally

means fabricating another' component. This alone is a strong argument

again,-t single large solid dielectric components at high voltage. The capa-

citor manufacturer solves the problem by eliminating early failures after

and during production; this may involve using up part of the useful life of the

capacitor, The cable manulfacturer tests each drum length of cable after

production. Failures can then be removed by good jointing techniques.

G. 3. 4 Hnvi r'onment

The nature of the surrounding medium affects the breakdown

Voltawr' of solid insuIation, butusually for the reasons discussed earlier', that
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is, corona at the edges of the electrodes, surface tracking, or chemical attack.

Moisture in particular should be excluded from solid insulation since it en-

courages electr'ochemical deterioration.

The ambient temperature is important since it determines the

hot-spot temperature of the insulation. To prevent thermal bre akdown, the

working stress is usually reduced for increasing ambient temperature. Sus-

tained operation at elevated temperature can lead to insulation degradation.

This depends on the temperature and the type of insulation. A bibliography

on thermal ageing of electrical insulation is given in reference (40).

The useful life, as well as some of thc: mechanical properties, of

solid and liquid insulation is affected when subjected to relatively large doses

of high energy ionizing va(liation. Black(4) iiotes that the effeets are similar

to those of stress ageing and exposure to corona. The main effects of radia-

tion in hydrocarbons and polymeric materials ale:

(1) Cross linking of molecules to form gels.

(2) Evolution of hydrogen and low molecular weight fragments.

(3) Molecular degradation by main chain scission.

(4) Formation and annihilation of unsaturated grL•oups.

(5) When air is present, degradation due to oxidation.

The ability of a material to withstand a given dose of radiation depends in a

complex way on the chemical structure. MateLrials which cross link illclude

natural and synthetic rubber, polyester, polystyPrCen, nylon, polyethylene, 1 VC

and polypropylene. Malei'ials whi::li suffer c hain scission include mylar,

I( ile, l'TFE, celulose products, urca and melamine [orimaldehydes and unfilled

Phenolic resins, as well as soine of those which cross link. TUhAi B. 8 shows

shows dose levels at which the insul-ition shows measurable degradation of

properties. Iifetime close may he 100 times these values.

Further details on the effects of radiation and environmenL can bc

found in Clark.(42)
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Table 6. 8 Dose of high energy radiation to produce
measurable changes in propcrties.

Material Dose in Megarads

I-°FE 0.02
Polyester 0.3

l'olymethylmethacrylate (lucite) 0.8

Cellulose Acetate 3.0

1°olycarboinate 3.0
Urea I-Povinaldchyde 8.0

PVC 9.0

Polyethylhne 20.0

Polyethylunc Terephithulatu (nylarv) 20.0
Silicone 100.0

I'olyimide 500

Polystyrene 800 "

Epoxy (aromatic type) 2000
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6.3.5 Waveform

The intrinsic strength should be independent of waveform except

for very fast pulses (several nanoseconds). In practice, the voltage waveform

is important not only to the local breakdown strength, but also to the electric

field distribution and intensity in all but the simplest insulation systems. For

example, field distribution in general will be determined either by conductivity,

or permittivity, depending upon the frequency of the applied voltage. Above a

particular frequency the field is determined largely by permittivity; and below

by conductivity. This critical frequency is given in Table 6. 9 for a number of

commonly used solid dielectrics and transfornmr nil. The critical frequency

is very low, and obviously many de tests on insulhtlion, for example with volt-

age raised on a ramp or in steps every few seconds or" even minutes, are in

fact "ac" tests as far as the dielectric time constant is concerned.

As an example, consider two dielectrics in series, say lucite (f

5.5 x 10 i.e. , 140 seconds per cycle) and oil(f 7.2 x 10 , i.e., 800

seconds per cycle). At frequencies higher than 7. 2 x 10 the field distribu-

tion is largely determined by permittivity rather than conductivity. At fre-

quencies lower than 5. 5 x I0 , the field distribution is largely determined

by the conductivities. At intermediate frequencies there is a phase difference

between the electric fields in the two media; the magnitude being determined

by the respective conductivity and permittivity. Consider the common situa-

tion where a gap of gas or vacuum dielectric is in series wilb a solid. The

dielectric constant is essentially unity and the conductivity exl remely low for

the gas or vacuum until ionization occurs, which often trigge~rs breakdown.

Assuming zero conductivity in the gas or vacuum, the minimum field which

can occur in the gap is at frequencies higher than that characteristic of the

solid, and is given by e E where e and E are respectively the dielectric

constant and electric field in the solid. The value of conductivity to use for

vacuum or gas becomes difficult to determine at the higher fields because it

is no longer zero and conduction may be strongly localized (e. g., field emission
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"Table 6.9 Frequency "Constant" (Hz).

Material Hzr P(ohry-crn) c

High Voltage Porcelain 6. 1 ]C13 2.9 x 10-2

Alumina 10. 0 5 x 1014 3. 6 x 10-4

Pyrex 4. 5 1014 4. 0 x 10-3

PTFE 2.2 1017 8.Z x 10-6

Lucite 3. 3 5.15  55 x 10=4

Epoxy - unfilled 3. 5 1015 5. 1 x 10-4

alumina 5. 5 1014 3. 3 x 10-3

Phenolic-Mica-Filled 5, 0 1013 3. 6 x 10-2

Polyethylene 2. Z 1015 8.2 x 10-4

Nylon 4. 0 1014 4. 5 x 10-3

1jubber(hard) 3. 0 1017 6. 0 x 10-6

Silicone Rubber 3. 0 1014 6. 0 x 10-3

Polystyrene 2. 55 108 7. 0 x 10-7

PVC 3. 3 1013 5. 5 x 10-2

Transformer Oil (mineral) 2, 5 1014 7. 2 x 10-3

Note: ac values for p can vary by one or two orders of magnitude.

Where a range was given, tie mid-point is used.

Data is normally for low voltage and 20°C.
F r ir, a low-frequency value (60 to 1000 1-1,).

The value f. is the frequency where conduction and displacement

currents are equal.

121. 8 x 101

f 1 (p in ohm-cm)

r
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from microscopic points). In the de case such conduction can establish a charge

distribution which is self-relieving, with regard to stress, and stabilizing.

6.3.5. 1 Direct Voltage

For most materials, the working dc stress for a given life is

greater than the peak ac stress by about a factor two, due mainly to the re-

duction in the number of partial discharges and a certain amount of local stress

relieving (electrical conductivity is a function of temperature and electric field).

Discharges occur more readily when the voltage level changes, but also occur

at steady voltage depending on the relaxation time of the void. The most com-

mon failure with mixed dielectrics on de is electrochemical deterioration.

Tracking is also a problem.

6.3.5.2 Power Frequency

At high voltage, thermal breakdown can occur, uspecially if the

ambient temperature is high, as for example on cables carrying peak or over-

load currcnts. Failure by partial discharges, howevewr, is probably the main
(28)

reason for failure at high stress. For insulation operated above the cor-

ona inception voltage, discharges occur each half cycle: the number depend-

ing on the voltage excess over the inception level. Thus the life reduces

rapidly with increasing stress above the CIV. liquid impregnated insulation

can show a reduction in CIV after sustained operation al normal stress. This

is probably because many commonly used impregnants evolve gas under elec-

tric stress. Certain gas absorbing additives can reduce the effect. Temper-

ature cycling can result in a similar effect.

6.3.5.3 Pulse

Thermal breakdown is unlikely for low repetition rate short pulses.

Breakdown after a small number of pulses is probably due to intrinsic break-

down, whereas partial discharges account for breakdown after many pulses.
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Theoretical and experimental studies indicate that for most solid

dielectrics, the pulse strength is independent of risetime down to about ten

nanoseconds. Exceptions include liquid impregnated insulation and glass. The

former shows a variation in strength with impulse waveform due to the im-

pulse strength depending on the pulse strength of the impregnant. Glass(44)

shows an increasing strength for pulses shorter than a few microseconds. In

this respect it is more like a liquid and of course has a similar structure be-

ing a super cooled liquid, i. e. , having a lack of long range order.

For most materials, the breakdown process is very rapid, with

formative times of the order of a few nanoseconds. Figure 6.13 shows some

(45)
data for several materials under ramp voltage applications. The forma-

tive time decreases with increasing ovcrvoltage but increases with the thick-

ness of the dielectric. Since gases, liquids and vacuum show increased break-

down stresses for pulses shorter than a f'ew microseconds, this presents a

problem with insulation coordination for fast rising voltages. Thus highly

stressed solids have no inherent protection against fast overvolting pulses.

The effect of partial discharges on the pulse life characteristic of

(20, 40)
solid insulation depends on many factors. Alston has reviewed some

of these and concludes that for, polythene in particular,

(1) Void size and location are important (worst next to cathode).

(2) Peak to peak, peak, and rate of voltage application or r-e-

moval affect life.

(3) Time at stress and voltage reversal affect life.

(4) Increasing the time interval between unidirectional pulses

can reduce the life (dep•ends on relaxation time of the

material).

(5) At a given stress, life is independent of sample thickness.

(6) Life is reduced by reversing polarity between pulses.

(7) Discharges per pulse is reduced for pulses less than a few

microseconds in duration.
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Figure 6. 13 Variation of the dielectric strength of

styroflex (1), teflon (2), mica (3), lucite (4), poly-

styrene (5), and bulk teflon (6), with the voltage

rise time; uniform field (Ref. Mel'nikov 45).
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SMrtin1,t(34) usinghin sheets of mylar, found a life /stress relationship simi-

lar to that in Section 6. 3. 1, for pulse application. He found the value of "n"

to be 7. 5. By using thinner layers of insulation, the breakdown stress was

(47)increased even when the total sample thickness was the same. Hayworth

reported a similar effect which is made use of in capacitor manufacture (Fig-

ure 6. 14). Derating curves for voltage reversal are also given.

6.3. 6 Nonuniform Field

For very nonuniform fields, a polarity effect exists for many

materials. The breakdown voltage of a positive point to plane geometry

appears to be about 70% of the negative point value. The calculated electric

(00)
fiehl at the tip of a negative point is in excess of tlhc intrinsic value. Mason

accounted for this by assuming Mhat the conductivity increases with increasing

field and acts as a stress relieving mechanism. Continuous application of

stress can lead to breakdown by treeing(48) (branching discharge paths).

6.4 Conclusions

It is clear from the previous sections that the design of solid in-

sulation in systems is not a straightforward matter. The starting point is

normally the technical requirements and constraints. These include some of

the following: working volt:age and waveshapes, dimensions, life, weight,

temperature, environment and cost. Many materials will be ruled out at this

point by difficulties either in mechanical support or lack of availability in the

required geomctry. In this respect, cast insulation has a grea,:t ad vantagre

over-, say, plastic film. The next step is perhaps to examine which mate-

rials can operate at the necessary stress to give the require:d life. This is

diffiult since seldomn will appropriate data be available. The manufactur( rs'

,•t fig re's, usually obtained according to ASTM on 1/8 inch thick samples,

)f, ot lti' usc. l-.xmnination of Table 6. 10 illustrates this point. Thus one

,;,Jst s;Lrcli th literuturvý for test data obtained under conditions near to
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Figure 6. 14 Average life in shots versus stress
in AV/rn-il and voltage in kV for polyester film.

(Hayworth, JPef. 47).



those of the problem and then make intelligent adjustments based on some of

the information in earlier sections. There is, however, no substitute for

good sample testing if cost and time permit. There is a marked absence of

high-voltage solid dielectric information in the literature; gases and liquids

have been much better investigated and reported. Apart from one or two

references related to high energy density capacitors, the most useful data
to the pulse power designer is that contained in the unpublished work of J. C.

Martin et al., at the U.K. Atomic Weapons Research Establishment, Alder-

maston, England. His memoranda contain much information on several

plastics (mylar, polyethylene, lucite, polypropylene) at high voltages and

stresses for volumes up to tens of liters. Information on epoxy resins at

high voltage is very limited. Recent reports(3650) give some data at volt-

ages in excess of a hundred kilovolts for dc, pulse, uniform and nonuniform

fields. Rieference (36) also gives some data on rnethylmethacrylate and sty-

rene and also includes some data on flashover strength in compressed gases.

Aa mentioned earlier, the interfaces botwcen the solid and metal

electrodes and other medium (gas, liquid or vacuum) usually present prob-

lems. With good design, the interface flashover strength can he made to

approach the breakdown strength of the medium. Vacuum under slow pulse

and dc is an exception. Crood design involves taking care with the triple joint

(where metal, solid and medium meet), and the electric field distribution.

In addition, care is needed during manufacture and assembly to reduce con-

tamination, particularly moisture. Surface finish is usually quite important.

Finally, Table 6. 10 lists some of the properties of commonly

used insulating materials. These should only ho used as a guide. The use

of more detailed sources of data is recommended for final design. Some use-
(51-55)

ful references are given. The Electronic Properties Information

Center, Air Force Materials Laboratory reports in particular provide a sur-

v,'y of most materials, co .. ing properties and processing. The large num-

he-r of hooks available on plastics, epoxy resins, etc. has discouraged the

:,ulhor from sing]- :i, out any for special reference.
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SECTION 7

VACUUM DIELECTRIC

7.1 General Discussion

As the pressure of a gas is reduced below atmospheric the dielec-

tric strength falls to a minimum value and then begins to rise again. Section

4 discussed this in terms of Paschen's law (Figure 4. 1 ) which states that the

breakdown voltage of a gas is a function of the pIroduct of pressure and gap.

The shape of the Paschcn law curve at pressures below that for minimum

sparking voltage indicates that larger gaps will break down at lower voltage

than smaller gaps, and this is found to be true in practice. Attempts to make

a small gap break down can lead to a discharge around either a longer path of

length corresponding to that determined by the pressure and the Paschen min-

imunj or the longest path available in the volume. Designing for this region

of gaseous breakdown is discussed at length in reference (1). As pressure

is reduced towards a value corresponding to that where the mean free path

approaches thc length of any possible discharge path the Paschen law no

longer holds, as would be expected from its theoretical justification based

on gas ionization. Dielectric strength then becomes relatively high. The

transition region between the Paschen discharge range and that where the

mean free path is large has largely been ignored by experimentalists, prob-

ably because of experimental difficulties. It is of little practical'i nte rest,

except insofar as it marks the upper end of the true vacuum regime which is

a desirable operating region for some vacuum devices (later). In the follow-

ing (iscussion of vacuum insulation it can be assumed that the mean free

path is large compared to the, dimensions of the systenm and as L consequence

a charged particle drawn from one electrode to another is unlikely to collide

with a rsidual gas molecule. This vacuum range usually exists in systems

lpjI')\A ab out 10 _3 t rr.
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In general, vacuum is used as a dielectric not for its insulating

properties but for other reasons. Typical reasons are-- a need for long

mean free paths, for example as in electron tubes and velocity separators;

where it is desired to minimize drag, for example in the electrostatic gyro;

and where iL is the natural environment, i.e., in space.

There are several good sources of information on electrical

breakdown in vacuum, or to put it more positively, vacuum insulation. Haw-

icy and Maitland published a comprehensive bibliography in 1967(2) citing

556 articles. These were classified by subject matter and cross indexed.
(3)

Slivkov has written a book on the subject, and a Handbook of Vacuum Insu-

lation was prepared by Mulcahy and Bolin for the U.S. Army Electronics
(4)

Command. An International Symposium on the subject was initiated in

1964 (MIT) and repeated in 1966 (MIT), 1968 (Paris) and 1970 (Canada) and

is scheduled for September 1972 (Poznan, Poland). The Proceedings of these

Symposia, which are referred to extensively later, essentially present the

state of the art in the field. Much of the earlier work is confused by poor

technique, and the interested reader, with some exceptions, is advised to

concentrate on the period since 1930. There is more than enough literature

in that recent period, particularly in the Symposia proceedings to give a de-

tailed education in the subject.

The mechanisms which limit voltage performance in vacuum can -

be broadly classified as field emission, field emission initiated breakdown,

clump initiated breakdown, and microdischarges. These are associated with

action at electr-ode surfaces, which leads to the generaation of vapor locally

when a specific voltage is exceeded and then vacuum arcing in the vapor.

The ultimate requiremnent for electrical breakdown is a local temperature

sufficiently high to produce the vaporization necessary for the arc.

Field emission, which is discussed briefly in Section 3, an 0l01

only limit voltage performance by current drain, but also can lead to com-

plht(, c(ollapulc of insulating strength (vacuum arcing) through its contribution
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to one of several possible breakdown mechanisms. In 1928, Fowler and Nord-

heirn, using the newly developed quantum mechanics theory, developed an

expression for electron field emission current (I) which can be simplified to

I2 -B/E

I AE 2 e (1)

where E ý electric field strength

SA = constant, depending on the emitter area

B = constant, depending on the work function of the cathode

surface

The exponential term in expression (i) is dominant, and with pure field emis-

sion a plot of log I versus I/V for an electrode system is usually linear. Even

when numerous emitting points exist on a surface a linear plot is obtained,

as has been explained by Tomaschke ct al.6}

rrom expression ( 1), using the appropriate constants, appreci-

able currents would be expected at fields of the order 3 x 107 V/cm; whereas,
5

normal emission is experienced at macroscopic fields of the order 10 V/cm

because of microscopic stress intensification on the cathode surface. This

intensification is usually associated with microprojections, or whiskers, on

the surface, and it is usual to apply a enhancement factor ( ) to the macro-

scopic field to account for emission. A value a = 500 is a good design as-

sumption.

At small gaps, for example less than t mrm, and short applied

pulse durations (later), it can reasonably he assumed that vacuum breakdown

is initiated by field emission (although another process may produce the field

eimission site). However, at larger gaps and with continuous voltage or long

duration pulses there is ample evidence that other mechanisms exist. Re-

(7) (8) (9) (10)
rot papers by Chatterton, lohebach, Mesyat9 and Davies give a

vroodi iisight into the data and concepts which will be treated more briefly
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To begin with it will be assumed that ultra high vacuum oonditions

exist (10 torr range or below) and that there is an absence of "significant"

organic contamination. "Significant" refers to the presence or absence of

imperfect electrode surface conditions which allow microdischarges to exist

(later).

Cathode initiated breakdown: In this case breakdown is initiated

by the vaporization of a microprojection or whisker on the cathode due to in-

tense field emission from the projection. The vaporization temperature is

achieved by the combination of Joule heating and the Nottingham effect (in

some cases at higher temperatures the Nottingham effect may exert a cool-

ing influence).

Anode initiated breakdown: Here breakdown is produced by melt-

ing at a spot on the anode due to bombardment by the electron beam associated

with an emitting point on the cathode.
(it)

Utsumi and Dalton have studied the factors which determine

whether cathode initiated or anode initiated breakdown occurs. They were

able to develop ranges within which a particular type of initiation occurred,

these ranges being a funcl ion of the field intensi ical ion (0) and the gapl spac-

ing (Figure 7. 1).

Micropariicle initiated breakdown: This mechanism of breakdown

is based on the "clump" hypothesis first expounded by Cranberg. (12) This

assumcs the existence of "loosely bound" microparticles on an electrode sur-

face, which become detached under the action of the electric field and accel-
(13)

erate across the gap. Slivkov has postulated that the clump must have

sufficient energy to vaporize itself when it strikes the opposite electrode,

and the resultant vapor must be sufficient to start a gas discharge. These

considerations lead to a relationship V = Kd 0 625 where V is 1he breakdown
(14)

voltage, d is the gap spacing and K is a constant. Olendzkaya has sug-

gested, for larger diameter particles, that breakdown may be triggered by

a small discharge between the particle and the electrode it is approaching.
(7)

There is various evidence confirming that "clumps" exist in vacuum gaps

in one, form, or another, and that they move between electrodes.
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"Combinations of the above mechanisms can exist and lead to

breakdown. For exan)ple, Little and Smith (5) and Biradar and Chatterton(16)

have found craters on cathodes caused by microparticle bombardment. Pro-

trusions at those craters can cause field emission and breakdown. On the

other hand Davies and Biondi(10) ostulate with considerable theoretical and

experimental justification, that breakdown can be caused by the avalanche

amplification of current in the vapor produced by the evaporation of an anode

microparticle during its transit to the cathode. The particle is heated by the

electron beam which initially caused its detachment from the anode.
(8)It has been shown by IRohrbach and others that different time

lags exist for the various breakdown processes. For example, because of

the small thermal inertia of a microprojection the delay in cathode initiated

breakdown is less than I us, whereas as much as I millisecond is required

for, anode initiated breakdown. Time lags in the iange 1-100 us would be ex-
(8)

pected for the microparticle initiation process.

Turning now to the "contaminated" situation, which is a com-

mon characteristic of most vacuum systems, it is essential to consider the
(17)

effect of absorbed foreign material on the electrode surfaces. Contain-

ijnation on the cathode will product confusing and varying emission data - for

examnple, in parallel experiments, Kelsey and Tedford(18) examined the pre-

breakdown emission current in two systems, one oil diffusion pumped with a
-7

liquid nit rogen trap at about 5 x 10 torr and the other baked and ion pumped

at about 10 10 tort. The former gave variable Fowler Nordheim plots indi-

cating u " .9 " as high as 700, whereas the latter gave good plots with a 6

about 100.

More important than this, perhaps, is the propensity for micro-

discharge generation when contamination, usually organic, is present. A

rnicrodischarg- is a small self-quenching pulse of current occurring at a

specific threshold voltage related to the electrode condition and having a total
-7

rh)(. L, > 10 -7 coulornbs lasting 50 usec to several milliseconds. It most
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,-ozinonly occurs at gaps above about 1 mm. A typical pulse is shown in

i-'iure 7. 2. Atransient increase in pressure is generally observed when

microdischarge occurs. If voltage is raised carefully so that the pressure

does not become excessive a steady increase in the threshold voltage can

usually be achieved to a point where sparking occurs.

The bulk of the evidence indicates that microdischarges are init-

iated by ion exchange, although most of the current is electronic, presumably

because of the high secondary emission coefficient of electrons by ions. A

cumulative mechanism according to

AB > 1 (2)

is indicated where

A = number of negative ions produced/positive ion

B = number of positive ions produced/negative ion

The ions involved appear to be predominantly of hydrogen, and experiments

using magnetic fields to deflect the electron current have shown that initiation

is related to the ions, not the electrons. (19) Goldman et al(20) have monitored

the transient development of microdischarges at voltages below 50 kV and

found that initially the charge carriers are predominantly electrons, but as

the process develops there is a change to ions predominating, which seems

to conflict with the above mechanism. Also, some data(21) indicates that

parliCIUs mLuchI heavier than hydrogen ions are involved in the microdischarge,

so that at th,- ,pr-sent time the mechanism which initiates the microdischarge
(22)

is in questioti. Measurements have been made by Smith on the coefficients

A and 13 unde.t' applied voltage pulses at higher levels (>> 100 kV), and a pro-

duct AI just above I obtained.

In large systems which have to support very high voltages in

v:,w:umrn, for -xamnplc velocity separators, it is uneconomic to have ultra
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high vacuum, and surface conditions exist which produce mierodiseharges

associated with various areas in the system - the integrated effect of the

pulses appearing as a relatively steady loading on the supply when the thres-

hold voltage is reacheh-d. As noted earlier, this threshold voltage can be

raised by controlled conditioning. Also, operation at a specif'ic gas pres-
-3

surc just below the gas d(scharge region (e. g. 1-0 torr) makes a very sign-

ificant increase in the threshold voltage. P'resumably the re'sidual gas atorns

interfere with the multipleh ion transits requi.'(lI to initiate the microdis-

charges. Tinguely et al(23) descriob the i echniquie they use in achieving a

working gradient of 700 kV across 7 cUi1 in a 2 mete"r separator Lit CERN
-4

(pressupr 7. 10 tor-' of helium-ne'on mixt, ure'). Oper-ation at higher' gas

pressure can also be used to rCeduce lfie'd emitting iniu:roproj'jclions on the

cathode, or local contamninaitioi lcvols, I y ton sput tering (Figure 7. 3). The

ions are produced in the gas close to thLe Uniltint )hOig f Iby lhi elctrons from
(24, 25, 20)

the point. This has bIeen e(atCd by s,'velral inIvestigatorls.

From the above discussion it is obvioLIs that elerttrode material

and its surface condition ace of critical iniportance ill vacuum insulation.

To minimize surfaceC c-ontaixination it is desii'able to usL "'ciean'' j'ulMpS,

such as tu rbomolecUlarV or ion, rather- than oil diffusion itmpls, and sources

of organic contaminiation in the system should be' eliminated or mini-

(23,27)
mized. The exception to this is where voltage is applie.d in vevy

fast pulses, less than 1 [Ls in duration pe'rhaps, in which cast' contamnina-

tion is of less concern.

Mulcahy and his co'feagues have conducted extensive cxperi.-

ments at voltages up to 300 kV VL 10 tori ill a hakuahli vacuum system

to provide design information for high power tubes. These (x28')iments

were statistically designed and controlled to detCrmine the importaxt factors

in vacuum breakdown and their interaction. Table 7. 1 shows these factors

with recommendations for tube (and other) designers.
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In the following sections the general features of vacuum insula-

tion will be treated under Section 7.2, Continuous Stressing, largely because

most of the studies have been made with dc. Where exceptions or differences

exist for alternating or pulsed voltage conditions they will be discussed in the

appropria+e sections.

7.2 Continuous Stressing

7.2. 1 B3reakdown Across Unbridged Gaps With Continuous Voltage

In considering the relationship of breakdown voltage to gap spac-

ing it can be stated to a very rough approximation that the voltage varies

linearly with gap below about 1 inni and with the square root. of the gap above

that value. Figure 7.4 shows a compilation of experimental data (29). With

good technique stresses of I MV/cm can be insulated across I mm over

small areas (,20 cm2) and 0. 13 MV/cm across 6 cm with slightly larger
2

area (,600 cmn

Data such as those showii on Figure 7. 4 have to be uscd with care.

since in many instances the experimental conditions are not explicitly known

and,as has already been indicated, they can sti'ongly ir"luence performance.

Also,in many cases, the data represent the maximum ',Atagc which could be

achieved - often after long periods of conditioning, and the values do not repre-

sent a useful operational level.

McCoy ot al(30- in a program to develop vacuum insulated electro-

static generators where opurating gaps have to be small (< 1 mm),have re-

ported on the effect of metallurgy in vacuum insulation. The data they report

is the maximum voltage which can be supported for 5 minutes. Vacuum con-

ditions were reasonably free of organics (mercury diffusion pumps with liquid

nitrogen traps and pressures 5 x 10-7 torr to 1 x 10-6 torr). Figure 7.5

shows the insulation strength obtained for cormnonly available stainless steels.

Curve 1 shows performance with electrodes which were not given a final wipe
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vwith lens paper before pumpdown. Tables 7.2 and 7.3 show the strengths for

\arious high strength alloys indicating the imporLance oucomposition. Surface

finish also is important (Figure 7.6). It is worth roting that because this

work was aimed at the development of a high speed generator, the interest

was concentrated on materials with a high strength to weight ratio, which led

to the examination of titanium alloys. The favorable indications (Figure 7. 6)

were noted by other investigators, and titanium alloy electrodes are now a

(27)
critical feature of high gradient accelerator tubes. McCoy and his co-

workers concluded that where high field supporting surfaces had to be formed

from high strength materials the following should be observed:

(1) Materials should have a minimum or non-ronducting par-

ticles dispersed throughout the metal matrix. This can be

accomplished by choosing allot ropic transformation type

alloys to reduce precipitates, and by specifying vac'uum

melted materials to reduce impurities.

(2) Electrodes should h)e given a very fine polish using metallo-

graphic techniques to produce surface finishes less than

2 L in rms.

(3) Anode material should be chosen with as much care as

cathode material. A high temperature material is pre-

fe r red.

(4) The material should be as hard as heal treatment and/or

cold working will allow.

This paper, also describes good finishing and cleaning lechnique.

In the course, o' a study of breakdown mechanisms al, highetr voltages,

Ilohrbach 0 1) has determined the threshold voltage for microdischarges

and other discoharges for stainless steel in ultra high vacuum conditions (Fig-

ure 7.7). Results betore and after the tests (105 discharges) are shown and
(32)

are in reasonable agreement. Huguenin and his colleagues have examined
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Table 7.2 Insulation strengths obtained using

buff polished high strength alloy electrnodes.
gap =1mm

Electrode Material Insulation Strength
(kv)

304 Stainless Steel 60

LncUncl-718 50

303 Stainless Steel 43
Inconel -13
Inconcl-X 40

Haynes -25 24

Udimet -41 23

Hastalloy 13 15

l'ultirnet 10

AM-355 60

Table 7,3 Insulation strengths obtained using

metallographically polished allotropic

transformation type alloys.

gap 1 mm

ZI.ectrode Material Insulation Strength
(kV)

AMN-355 75
Ti-7A1-4Mo 110
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the insulation strength between titanium electrodes up to 850 kV with the re-

suits shown in Figure 7. 8. In this case the voltage plotted is that giving a

-7
current less than 10 A. The best results are 20 MVV/ m at 1 cm, 16 MV/rn

2

at 3 cm and 13 MV/in at 6 em. The electrode area was about 600 cm and

the pressure 10 torr.

There are several techniques which can he used to improve the

performance of vacuum gaps. In one of' these, already discussed, the pres-

sure is raised Either to raise the microdischarge threshold (at higher volt-

ages) or to spulter down emitting protrusions (at. lower voltages). As might

be expected, the increase in the microdischarge threshold is an instantaneous

effect, and the sputter reduction takes time. An improvement similar to that

obtained on the rnicrodischarge threshold"by pressure increase can be ob-

tained by proiecting one eleclrode surface by a grid, biased to suppress sec-

ondaries f'rom the surface it is probecling. Arnoltd (33 has discussed this

effect brietly with regard to lests on a positive bushing in vacuum. The grid

used was aboul 85% open and spaced about 2 cm from the SLurracc it was pro-

tecting. Applicalion of' a suppressing bias, i. e. more negative than the sur-

face it protects, or vice versa,gives an immediate large increase in the load-

ing threshold voltage (Table 7. 4). A bias voltage of less than 1 kV is suffi-

cient. Arnold attributed the improvcment to an elftective reduction in area ot

the stressed surfaces (below). More recently, Smith(34) has experimented

with electrodtes made with wires with encouraging success, perhaps ror sim-

ilar reasons.

The reduction in insulation strength with increasing area is as

evident in vacuum as in other highly stressed dielectrics. Denholm(35) has

reported information on this effect tor 304 stainless steel and titanium alloy

at 1 mm gaps (Figure 7.9), and Simon and Michelier(3 ) for larger gaps and

correspondingly higher voltages. Their data, shown on Frigures 7. tO and

7. 11 is for cathode and anode of stainless steel (Figure 7.10) and calhode of

anodized aluminum and anode ol stainless steel (Figure 7. 11). Performance
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for both the high vacuum (10-6 torr) and optimized pressure (10-3 torr) condi-

tion is shown. Comparing Figures 7.9, 7. 10 and 7. 11 it can be seen that the

"area effect is more severe at the smaller gaps (higher stresses), and least

severe with the anodized cathode.

Dielectric coated cathodes were pioneered at MIT, particularly

by Jedynak(37) who showed that breakdown voltage could be increased by as

much as 70%, and prebreakdown current reduced by 2-4 orders of magnitude,

by the application of a dielectric film to the cathode surface. Jedynak's arti-

cle discusses the theory which supports the breakdown voltage improvement,

based on the suppression of field emission by the dielectric film. Analyzing

his results, and theory, he provided the following specifications for the cath-

ode film:

(1) Resistivity of at least 10 ohm-cm.

(2) Dielectric constant as high as obtainable consistent with the

other requirements.

(3) Dielectric strength of at least 106 volts/cm.

(4) Film thickness between 10-25 microns.

(5) Mechanically hard and smooth with high abrasion resistance

and high adhesion strength.

(6) No gas bubbles within the film. However, experiment shows

that bubbles much smaller than the film thickness can be

tole rated.

(7) Low vapor pressure and low moisture absorption.

(8) Chemically resistant to attack by water and solvents.

Further, the cathode substrate should be brought to a mirror finish before
(38)

application of the film. Bc tin and Trump have examined the effect of dielec-

tric coatings in strongly nonuniform cathode fields and at 1 mm uniform field

gaps. The dramatic effect of coating a negative point is shown on Figure 7. 12,

and Table 7.5 shows the performance of coated, uniform field gaps. It can be

-373-

_--lamam m m m



Ampore';

1Epoxy Dmtd111 .iamlte6

(5110 j"01) 9'? KV-then Emission is given

1/'Dia'noctlv radw
Sphere (1r.un Ipn)) radw

Pi'thoxyl~ Point

10 -9(5mm gap)

101. 2, EKV
10 20 3) 40 50 60 70

Note: P1106C in ll 11 IS~s vaS Ofr type 3o/, stainLeos Stool., Pressure 1 x 10-5 torr

Figure 7. 12 Typical bare and coated cathode perflormance

in nonuniform field.
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Table 7.5 Typical bare and coated cathode performance
in uniform field at 1 mm gap.

Maximun Emtv,{ion Cirreoit in Amperes
First Steady Final

CATHODE Spark Voltage Droakdown Prior to At At
COATING KV KV Voltage First PA3ximuiml Fine 1

KV Sp]nrk Voltage Voltage
None 28 55 50 3 x i0-10 1051-

Stainless Steel I0- 10-

None 36 4() 44 1 x iO-10 i0"5 10-5Aliuninitii

50 40 30 < I 01l0
Stainless Steel.

Aljnina 64 45 20 6 x 10-9 10-6 10-5

Epoxy 96 -5
Stainless Steel 56 40 30 10-9 10 0

Note: Ancde in Oll cases was type 304 Stainless Steel, Pressure I x 10- torr
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seen that the performance of alumina on aluminum is relatively impressive,

particularly with regard to the first spark.

The group at CERN have utilized anodized aluminum cathodes
extensively to give high performance in their separators. (39 Reference

39 describes the process used to provide the alumina layer. Figure 7. 13

shows the performance of 20-cm diameter electrodes with and without cath-

ode coatings both at high vacuum and at the optimum pressure. It can be

seen that there is a gain with dielectric coatings both at high vacuum and

when operated at higher pressure (10 -4-10-3 torr). The plot also again shows

the superio~rily of titanium alloy over stainless steel (304).

Another form of dielectric cathode surface is obtained by using
(40)

glass cathodes. These are successfully employed in the velocity separ--

ators at Lawrence Radiation Laboratory, and are run hot (1050 C) so that the

glass resistivity is reduced to about 4x 10 ohm cm. These separators (15 feet

long, electrodes 12 inches wide) operate at 625 kV across 2-4 inch gaps.

The effect of contamination of the organic kind has already been

discusser,. It can be removed at some expense by using a completely organic

free, bakeable system (metal O'rings, ion or turbo molecular pumps etc.)

and operating at ultra high vacuum. However, another form of contamination,

which in many cases is essentially present, is that due to evaporation from
(41) (42)

oxide cathodes. Staprans notes that typical cathode areas are about

100 square centimeters, and that the critical gap is usually between the focus

electrode and the anode, at several centimeters from the low work function

emission cathode. The emitter is usually a tungsten barium dispenser type
(42)

or of barium oxide coated nickel. Staprans has provided a valuable colla-

tion of stress data from operating tubes, according to whether the gap exper-

iences dc, long pulse (.. 100 [sec), or short pulse (< 10 psec). The data,

shown on Figure 7. 14, show that on the average the short pulse operation is

significantly better than dc operation, by a factor of 2 perhaps. The relative

performance for long pulse operation is not so obvious, but Stapran makes
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certain assumptions in pursuing tube design optimization. Mulcahy and Bolin( 4 4 )

have examined the effect of barium contamination, noting a significant fall in

breakdown voltage when a barium cathode was operated. Voltage deterioration

was particularly severe when high energy discharges occurred between the

electrodes in the presence of barium contamination.

Another, factor which can be important to performance is the pre-

sence of magnetic field, and its interaction with charged particle movement

in vacuum, can be rather complex, particularly where dielectric stand offs

are involved. Germain et al have examined the case of a quadropole electric
(43)

field, noting that electron streams are concentrated along field lines thereby

enhancing the power density at the anode. In this case reduction of voltage

performance because of the magnetic field was not a major problem, if care

was taken. With crossed field separators operating at 200-300 gauss it is

found necessary to first establish the electric field before applying the mag-

netic field.4 In reference (28) it is noted that applying a magnetic field

(to 500 gauss) transverse to the electric iild slightly raised the breakdown

voltage for gaps less than 1 cm and slightly lowered it for gaps more than 1

cm. Experiments with a magnetic field parallel to the electric field could

not be conducted because the magnetic field produced flashover of the insulat-

ing bushing at a very low voltage level.

7.2.2 Flashover Across Dielectrics with Continuous Voltage

As with gas and liquid dielectiics, the bridging of a gap in vacuum

with a solid insulator lowers the insulation strength. Hawley has published
(45)

a comprehensive review of solid insulators in vacuum as of 1968. The

negative end of the insulator is by far, the more important, as has been shown,

for example, by Kofoid(46) and Coenraads et al.(47) To achieve good flash-

over performance it has been found essential to have intimate contact between

the negative end of the insulator and the metal electrode, or to shield the

junction to reduce the stress. In fact, both conditions are desirable.
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Figure 7. 15 shows a plot of voltage performance versus length across alum-

ina ceramic cylinders where care was taken to have intimate contact by silver-

ing the insulator ends and the terminal stress was reduced by an internal

shield.

An electron beam deflection technique has been used by de Tourreil
S. . (48)

and Srivastava to show that the insulator surface acquires a stable and re-

latively unif'orm positive charge in a time much less than- a minute - the charge

remaining for days after the voltage is removed unless the pressure is raised
-3

to 5 x 10 torr. They suggest, as have others, that this charge exists be-

cause of the secondary emission of electrons from the dielectric surface.

The choice of insulator materials for use in vacuum tends to be

limited to the inorganics, f[or example electrical porcelain, alumina or glass

(usually pyrex>, more because they are not a source of contamination to the

rest of' the system, rather than because of their, superior flashover perform-

ance. There are obvicus advantages if organics such as lucite or epoxy can

be used as a vacuum insulator, and under fast pulse conditions (later), where

contamination does not detract significantly from vacuum gap performance

they are frequently used. For dc conditions where optimum overall system

performance is required the knowledgeable designer chooses inorganic insu-

lation. Srivastava et al( 4 9 ' 50) have studied the flashover, of unglazed porce-

lain, alumina and pyrex at voltage up to 400 kV, and all perl'ornied similarly.

However-, in the long term, porcelain gave more trouble, prohablP because

of porosity. With the insulators recessed into the electrodes 400 kV could

be supported across 11.5 urn. Germain et al(39) has determined that with

proper fabrication techniques 250 kV-300 kV can be supporled across 4 cm

of porcelain, alumina or steatite. He noted that it is important that the in-

sulators be unglazed.

Shannon et al have examined many shapes of pyrex (borosilicate)

glass to determine the best Form of accelerator tube ring. Results for 25 mm

long samples carefully boded to stainless steel electrodes with polyvinyl
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acetate are shown on Figure 7. 16. Experiments were also conducted to deter-

mine resistance to spark damage.

The use of shields to reduce the stress at the negative termination

has been widely employed. Finke (52 has experimentally studied the optimum

position and clearances for a negative end shield using a spherical shape. An

example of the improvement in performance which can be achieved is shown

on Figure 7. 17.

For the highest voltage app 1.ications it is advisable to break the

insulator surface into sections, controlling the voltage experienced by ea.ch

section. This, of course, is standard practice in accelerator tubes. Britton

et al(53) have used this technique to design - -,vAuum bushing which supported

1 MV across a 30 cm length.

7.3 Alternating Stressing

Comparatively little work ha been reported on the strength of

vacuum gaps under alternating voltage conditions. At power frequencies,

bearing in mind the relatively short time cnwnstants of the various breakdown

mechanisms which have been proposed, it would be expected that the peak

breakdown voltage would correspond to, or be slightly larger, than, the dc

breakdown voltage. It is worth considering the fact that polarity reversal

occurs in the ac case, and that conditioning by sparking or microdischarge

loading is a common technique. For' example, an anode damage region be-

comes a cathode region in the next half cycle, and vice versa. In comparing

dc and ac data it should also be remembered that circuit impedance charac-
(54)

teristics acan be quite different (discharge energy). Denholm has exam-

ined the dc, ac and impulse strength of typical engineering metals at small
-6

gaps in an oil diffusion pumped vacuum system (, 10 tory) with the results

shown on Figure 7. 18. More recently, Erven et al(55) have reported 60 Hz

studies, again conducted in a dynamically pumped system but at larger gaps.

Their breakdown voltages are given in Table 7. 6.
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Figure 7. 18 Maximum breakdown stresses and insulation

strength, steel: (i) impulse voltage, 12/50 waveform; .

(ii) alternating voltage, 50 c'ps; (iii) direct voltage,

rate of rise 6 kV/second; (iv) insulation strength

(maximum dc voltage for zero breakdown in 1 hour).
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Table 7. 6 60 Hz breakdown voltages.

0.5 cm 1.0 cm

Titanium 140 kV rms ---

Stainless Steel 110 150

Aluminum 100 150

Chromium Copper 95 130

Copper (OPTIC) 85 125
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The ranking of metals, as in Denholm's studies, is essentially the same as

the dc case.

The 60 Hz and 21. 5 MHz breakdown between tungsten electrodes
; (56)

has been studied experimentally and theoretically by Kustom. His data at

60 Hz (for tungsten) are somewhat higher than for that given by Ervin (Table

7. 6), even for titanium, perhaps because of the small size of his electrodes

(1.4 cm diameter). A comparison of Kustom's 60 Hz and 21.5 MHz

data is given in Figure 7. 19. Hill has conducted rf studies at 30 MHz be-

tween carefully prepared aluminum alloy electrodes at 10-7 torr in a turbo-

molecular pumped system. The gap range studied was 1-4 mm and he con-

cluded that the breakdown voltage was given by

V = 31 d0 . 7  (3)

where d is the gap in millimeters and V is the voltage in kV peak. Lefebvre(58)

has reported on the conditioning of a proton linear accelerator operating at

200 MHz.

Consider now the problem of alternating voltage flashover of solid -1
dielectrics in vacuum. Little has been done at power frequency. Kuffel et

(59).
al, in a comparison of flashover under dc, ac and impulse voltage condi-

tions found, using samples of plexiglass, that the 60 Hz breakdown voltage

was about 50% below the dc value. This suggests that a charging process on

the dielectric, which takes longer to stabilize than a power frequency half

cycle, effectively improves the field distribution in the dc case.

At higher microwave frequencies, the flashover of dielectrics in

waveguides at high power is a well known problem. This has been discussed

by Hayes and Walker(60) for titanium dioxide in particular. They note that

improving edge contact, as discussed earlier, by silvering, and glazing the

titania has a highly beneficial effect on voltage performance. This is demon-

strated on Table 7. 7, which shows performance at 3, 000 MHz.
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Figure 7.19 Ratio of vacuum breakdown voltage
at 21.5 MHz to 60 Hz.

Lines show ratio expected from the following theories:

Ion Exchange - Breakdown due to secondary ion emission and the
cumulative interchange of negative and positive ions.

Ion Perturbation - Breakdown due to electron emission enhanced by the
field produced by positive ions.

Cathode Vaporization - Breakdown due to thermal instability at an electron
emitting projection on the cathode.

Anode Vaporization - Breakdown due to thermal instability produced at the
anode by electron bombariment.
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Table 7. 7 Vacuum breakdown in a titania-loaded cavity.

Electric Intensity at the Disc Surface

Peak Power Maximum Maximum

At Breakdown Axial Intensity Radial Intensity

kW kV/cm kV/cm

Plain-titania disc

1 700 214 11.3

2 620 202 10.7

Glazed disc with

silvered edges

1 1550 322 17

2 1550 322 17

Plain disc with

silvered edges W-
1 750 224 11.8

2 650 187 9.9
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7.4 Pulsed Stressing

7.4. 1 Pulsed Breakdown of Unbridged Gaps

Studies have been made on the strength of vacuum under pulse

conditions both to clarify the mechanism of breakdown and because of cer-

tain important devices that either have to operate pulsed or may experience

transients during service. The largest application of pulsed voltage in vac-

uum is probably in high power tubes such as klystrons, as discussed by Stap-

(42)
tans. In that .:ase the duration can be as short as a few microseconds.

Another application, at much shorter time regime, (tens of nanoseconds) is
(61)

in flash X-ray devices, and of course vacuum devices utilized by the power

industry, such as switches,62) have to withstand the standard and switching

impulse test s.

A vacuum gap, in general, can withstand significantly higher

stresses under pulsed conditions than under continuous or alternating voltage

conditions. As will be seen later in this section the reverse can be true for

the vacuumr insulator, depending on the duration of the pulse. For the gap

case the performance under pulsed stressing improves as the duration of the

pulse is reduced, and the following discussion starts with consideration of

the longer pulses and proceeds to the shortest examined to date (subnano-

second).

Denholm(54) had indicated the relative performance of small gaps

under direct, alternating and pulsed voltage conditions under "engineering'

vacuum conditions, i.e. with oil diffusion pumping and with pressure in the

-610 torr range. Unquestionably in this type of vacuum electrodes are sub-

ject to significant organic contamination. From Figure 7. 18 it can be seen

that the impulse (12/50 wave) breakdown voltage is about double the continuous

voltage insulation strength (maximum voltage for no breakdown in one hour).

(42)
Staprans, at larger gaps subject to contamination by low work function

materials, but not to organics, has demonstrated on the average a doubling
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of operating stress between the continuous and "shorter" pulse voltage condi-

tion. This shorter pulse duration is not greater than 10 ksec and probably

not much less than 5 tsec. The relationship he derived from operating tubes

in the range 25-300 kV subject to this form of pulse was

V = 6x10 6 L0. 8  (4)
max

where V is in volts and L in meters. The areas subject to this stress wouid
2 2.

be in the range 10-100 cm , and the adjacent oxide cathode about 100 cm in

area.

In a program to clarify vacuum breakdown mechanisms, Smith

and Mai~on(63) have examined the impulse breakdown of a 2 cm gap between

relatively large area stainless steel electrodes (,,2, 000 cm 2). The vacuum

conditions were typical of many large systems. Pumping was with a 200 C

baffled oil diffusion pump augmented by a liquid nitrogen cooled cylinder.
- 6

The pressure was 2x10 torr. The waveform applied had a risetime of 4

microseconds and a discharge time constant of about 5 milliseconds. After

some dc conditioning at a 5 cm gap the impulse tests were conducted at 2 cm.

Breakdown was at 290 kV which compared with an extrapolated continuous

voltage value of 185 kV. It was noted from the oscillograms that there were

three types of breakdown (Figure 7.20); namely

(1) A sharp (complete) breakdown with the voltage collapse tak-

ing less than I psec and with a time lag averaging about 24

microseconds (Figure 7. 20 A). A few time lags were less

than 4 1Lsec.

(2) An incomplete breakdown characterized by a smooth drop

of about 100 kV over a period of 10 tsec. The slope of the

voltage fall corresponded to about 20 amperes drawn from

the impulse generator followed by a flow of 3 amperes at
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the lowered voltage (Figure 7.20 B). This was accompanied

-3

by a liberation of gas (,1. 5 x 10 torr), presumably from

the electrode surfaces.

(3) The third type of breakdown appears to be a combination of

1) and 2), starting as 2) and breaking in to i) (Figure 7.20 C).

The breakdown described in (1) is seen as a bright localized spark whereas that

in(2) is a diffuse, glow-like discharge. In later papers(64,22) the authors des-

cribe a series of convincing experiments on effect b) which indicate that it is

due to an ion exchange mechanism, as discussed earlier, with a product AB just

greater than one.
(8)

Rohrbach has studied the impulse breakdown of vacuum gaps
2

(titanium electrodes of area A80 cm ) over the same general range as Smith
-9

and coworkers but in an ultra high vacuum bakeable system((,10 torr),

again with the objective of elucidating breakdown mechanisms. The technique

used was to apply a 300 kV continuous voltage across the gap then to super-

impose an impulse voltage having a risetime of 100 ns and a decay time con-

stant of 132 ms. In this way a total voltage up to 700 kV was obtainable.

Some 50, 000 pulsed measurements were taken and analyzed by computer to

give breakdown probability and time lag at different gaps and total applied

voltage. For example, at 8. 5 mm the 50% probability of breakdown occurred

at 550 kV and zero probability at 500 kV (Figure 7.21). At a gap of 9- 10 mm

there was a transitiun zone and at larger gaps the breakdown field fell sign-

ificantly. Analysis of the time lag distributions suggested the existence of

three mechanisms, Very short time lags (0. 1-1.0 psec), independent of volt-

age and gap, are characteristic of an initiation mechanism based on cathode

projection vaporization. Very long time lags (milliseconds), linearly depend-

ent on the gap spacing, are characteristic of anode vaporization. Intermediate

times are characteristic of discharge initiation by microparticles. The trans-

ition gap region was defined as where the three mechanisms, cathode, anode

and microparticle vaporization are more likely to exist simultaneously at

voltages close to the static breakdown potential (,,300 kV at 10 mm).

-393-



V
(kV)

700-Ctoi Transition
limit zone

600. 15

500- PP

400. 'i

200-
100 ~cP breakdown probability

xV for constant current

0 ®V sparking thresho~d

d(m rn)

Figure 7. 21 Dischar'ge probability P.

(Lines show voltage levels for' 10 nA, 15 u A and 100 p A currents, and
sparking level. Probability of breakdowns at the specific gaps for specific
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Most of the studies at very short pulse durations, less than 107

seconds, have been conducted in the USSR, particularly by Mesyats and his

colleagues. A great deal of information on breakdown in this time regime was

s.upplied by them at the III and IV International Symposium on Discharges

and Electrical Insulation in Vacuum, and is reported in the Proceedings. More

recently, Mesyats has summarized the status of fast vacuum breakdown pro-

cesses at the 10th International Conference on Phenomena in Ionized Gases. (65

In this time regime (<1 tsec say) breakdown is associated with the explosion

of microscopic projections on the cathode surface and the progress of the re-

sultant plasma flare across the gap. Mesyats has been able to show this pro-

cess occurring together with the corresponding current growth (Figure 7.22)

associated with electron emission from the plasma flare. The term "explo-

sive emission" has been coined for this current from the flare, and it is of

particular technical interest because it occurs with very high current density

and with high voltage still existing across the gap, thus making possible flash

(61, 66)
X-ray and intense electron beam devices. Mesyats discusses the emit-

tan-,e characteristics of such diodes in reference (65), and notes that for 5 ns

duration pulses a current density of 4x109 A/cm2 has been achieved without

emitter destruction. He also states that emitter destruction occurs over a "

large range at a constant product of the square of the current density and the

9 2 4
pulse -luration, namely 4xlO amp sec/cmr

The speed with which tne vacuum gap breaks down when subject

to pulsed overvoltages (and also in many continuous voltage cases is deter-

mined by the velocity of the cathode flare as it moves towards the anode.

This has been measured for several cathode materials, lies in the range

1. 5-3.0 x 10 cm/sec, and is relatively constant with time and only weakly

dependent or, the applied voltage. Mesyats(65) notes that 2. 0 x 106 cm/sec
(67)

is typical. Ravary and Goldman have examined the switching (closing)

time of negative point to positive plane gaps with a 15 nanosecond risetime

puise generator-, and concluded that for gap less than 25 mm the closing time
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was proportional to the gap (,,10-6 sec/cm at 26.2 kV) and independent of the

electrode materials. With gaps less than 1 mm their results agreed with

those of Mesyats.

Finally, at very short duration (down to 10"10 sec) Juttner et al(68)

have examined the production and destruction of emitters on extended metal

surfaces at 10-9 torr. Their experiments support Jedynak's observations

that whiskers are produced by discharge vapors. Below a critical pulse length

(<2 ns) the production of new emitting sites is strongly reduced, and condition-

ing with such short pulses can reduce the breakdown probability to zero.

7.4.2 Pulsed Flashover Across Dielectrics

The flashover of dielectrics in vacuum depends not only on the
(59)

pulse duration but on the shape (i. e. risetime) as well. Kuffel has exam-

ined the effect of waveshape and compared impulse, alternating,and continu-

ous voltage performance (Figure 7.23). He used plexiglass cylinders of 25

mm diameter and lengths between 5 and 20 mm. The ends were ground and

polished then plated with a layer of silver to give intimate contact with the

terminating electrode system. The vacuum system was pumped with a liquid

nitrogen trapped oil diffusion pump and the ultimate pressure was about 10-7

torr. To get reasonably consistent pulse breakdown voltages it was neces-

sary to first condition with continuous voltage and allow about 30 minutes be-

tween successive breakdown. Figure 7.23 shows the mean performance of

5 samples. Results after conditioning were reproducible to within +5%. The

standard impulse voltage (fastest wavefront used) gave the highest flashover

voltage, but less than the continuous voltage case, as shown in Figure 7.23.

As the wavefront duration was increased to 80 j.sec the strength tell, as

illustrated on Figure 7. 24, then started to rise again. This effect is attrib-

uted to space, or surface charges on the insulator.

There have been several investigations on the flashover of dielec-

trics under shorter duration pulses, mostly in support of flash X-ray tube
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design.70,71,72) Smith(70) appears to be the first to publish in this time re-

gime and note the beneficial effect of insulator shaping in the form of a coni-

cal frustum, the broad end being negative. Similar studies were later con-
(71).

ducted by Watson and Shannon in cooperation with J. C. Martin at AWAJE.

Figure 7. 25 shows some of their data obtained with an effective pulse dura-

tion in the range 75-100 ns. In a later publication(73) Watson propounded a

breakdown theory based on charging of the insulator surface by the emission

of thermionic electrons generated within the dielectric by the electric field,

and electron secondary emission down the surface. More recently, Milton(72)

has confirmed and significantly expanded the earlier studies by Smith, Watson

and Shannon. In the fast pulse regime breakdown is insensitive to pressure,

experiments can be conducted under relatively crude vacuum conditions, and

organic insulators are practical materials for many applications. Milton

used test samples 1. 27 cm long in the shape ofla conical frustunihavinga base

diameter of 5 cm. Specimens were sandwiched between 10 cm diameter alum-
(74)inum electrodes finished with 600 grit aluminum oxide. Gleichauf reported

that there is no appreciable difference in dielectric flashover performance

with different electrode materials.
Two waveforms were used in Milton's experiments, the slower[

had a duration of 10 [sec and a risetime of 5 1isec. The test voltage was set

so that breakdown occurred on the rising portion or the wave, i. e. within 5

Osec. The faster wavefront had a duration of 100 ns and a risetime of 50 ns,

chosen to resemble the waveform applied to large electron beam accelerator

tubes.

With the longer pulse, test voltage was limited to 300 kV by vac-

uumn flashover of the test chamber. It was also noted that improving the elec-

trode surface finish (e.g. 1/4-pL diamond polish) could raise the performance

of some samples, such as lucite, beyond the test limit. A survey of the

strength of many common dielectrics was made using a frustum with a base

angle of 450. The results are shown in Figure 7. 26. The cast nylon performance
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is remarkably good, the high dielectric constant PZT remarkably bad, and

Teflon could withstand only one breakdown before deterioration. Figure 7. 27

shows the performance of lucite plolted against the square root of the gap dis-

lance, and Pigures 7. 28 and 7. 29 the performance of variousmaterials as a

function of (one angle.

Less information was obtained with the faster 100 ns pulse than

with the 5 us risetime. Figure 7. 30 shows data for lucite. The minimum

performance angle noticeably shifIts f'rom 00, with the longer pulse, to -200

with the shorter, in general agreement with Watson's data, and the fast pulse

flashover st rength is significantly greater than the slow. It was noted that

the conditioning effect (typically over 10-15 pulses) thai could be obtained

with the slower pulse was relatively small, aboul, 10% cf 50% for- the fast

pulse.

7. 5 Design Considerations

As noted at the beginning of' this section vacuum dielectric is used

as an insulant more by necessity than choice, usually where the unrestricted

passage of charged, or' uncharged, particles is required. Apar't from the

hazard of radiation, which should always be considered when high voltage is

associated with an evacuated volume, vacuum can be an expensive dielectric

to "achieve", particularly if' the ultra high vacuum regime is required. It is

important to understand where very low pressures are essential, and where
-8

they are not. At one extreme, with pressures of 10 lore or less, systems

are completely inorganic, usually bakeable and metal gasketted, and expen-
-3

sive. At the other,, pressur'es as high as 10 torr can be used with evacua-

tion by cheap untrapped oil diffusion pumps, or even good rotary pumps.

Many organic materials are satisfactory for use in this pressure regime.

However, the only area where high electrical fields can be achieved in such

a grossly c~ontaminated situation is in fast single pulse applications where

the duration of the pulse is short compared to ion movement times, e.g. in
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f
low impedance flash X-ray unil s based on explosive emitter technology. Apart

from this time regime, the best advice for, reliable performance is to utilize

organic-free systems and careful high vacuum technique. Often other factors

besides dielectric performance, such as sensitive cathodes, dictate superior

vacuum requirements.

The lengths which should be taken in achieving clean vacuum de-

pends on the application. For example, in an experimental situation where

long conditioning periods and occasional breakdowns may be tolerable, a sys-

tern with a well trapped diffusion pump and organic gasketting may suffice,

whereas on an industrial production line, or where the system has to be used

with expensive equipment, such as a high energy accelerator, reliability is

more critical and cleancr vacuum techniques are in order.

Several good texts on vacuum technique exist,75, 76, 77)starting

with the classic by l)ushman! 7 8) but the subject is worth a brief' discussion,

parlicularly in relalion to vacuum insulation. There has been some contro-

versy about the best vacuum pumping methods to use where reliable vacuum

insulation is required, for example in nuclear physics equipment. For many

applications mercury rather than oil dirfusion pumps are used to reduce or-

ganic contaminants, but in recent. years ion and turbomolecular pumps have

been increasingly utilized, Several recent advances in vacuum insulation

technology are in systems evacuated by turbomolecular, pumps.

in considering the design of a "clean" system it should be noted
-6

that a monomolecular layer can form on a surface in one second at 10 torr,

and in particular where electron beams are involved a steady build up of con-

taminants caan occur. Euinos 9has used this fact to assess the relative con-

lamination caused by various sources in a vacuum system (Table 7.8). The

choice of the best 0'ring material is also important where elastomer sealing

i.S used ('Fable 7.9).

Obviously the cleaning of surfaces which experience high electric

Si,,lds in vacuum is important. Even surfaces which are not exposed should
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Table 7.8

Relative Contamination Caused bj Vacuum Materials
(t = 100 min, I = 0.01 A/cm , V -Z kV)

Thickness of

Contamination
Material Treatment Deposit(A)

Diffusion pump oil As supplied 1700
(Apiezon B)

Silicone diffusion pump As supplied 500
oil (Dow-Corning 703)

Vacuum grease As supplied 1500
(Apiez•on M)
Apiezon W Wax (cold) As supplied < 50

Black neoprene (heavily Boiled in aqueous and < 50
loaded to give oil alcoholic potash
resistance)

0-ring rubber gasket Boiled in aqueous and 600
material (W. Edwards alcoholic potash
and Co. . Ltd. , London)

Brass strip* Well handled and not 700
subsequently cleaned

Brass strip Cleaned in acid < 50

Aluminum strip* Well handled and not 700
subsequently cleaned

Aluminum strip Cleaned in aqueous < 50
potash

* Area of metal equal to internal surface area of electron gun.
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Table 7.9

Outgassing Rate for Various Polymers (77)

Outgassing Rate,

Polymer q (tor' liter/cm 2 sec) x 107

1 hr. 4 hrs. 10 hrs.

Buna S. Butyl Rubber 20 6

Epoxy (Araldite) 20 10

Lucite 19 10

Neoprene (B) 26 8 3.8

Buna N. 80 20 10
After 1000 C Bake 10 0.6 0.4

(4 hrs.)

Nylon 26 12

Polyethylene 2.3 1. 15

Kel-F 0.4 0. 17

Teflon 2 0.75

PVC 5 2.8

Silicone Rubber 70 20

Viton Unprocessed 4 1.8
Aftcr 1500 C Bake in 0.01 0.003 0.002

Air (4 hrs.)
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be cleaned as effectively as possible, since they provide a source of contamin-

ation for the other critical areas (Table 7.8). Various methods of cleaning

have been used for electrode surfaces. For example, at CERN the following

cleaning procedure is commonly used for metal surfaces exposed to high grad-
(80O)

lent in vacuum:

(1) Hot perchlorethylene, vapor and liquid.

(2) Ultrasonic dip with detergent and hot distilled water rinse.

(3) Cold acetone dip.

(4) Cold ethyl-alcohol dip.
-4

(5) Vacuum degassing at 10 torr and 800 C for twelve hours

followed by dry nitrogen filling to prevent reabsorption of

water vapor when the tank is opened.

In addition, before this cleaning procedure, great care is taken in polishing

to insure that no organic materials are inserted into the material. For ex-

ample, the common method of buffing with a polishing compound is prohibited,

and silicon carbide and alumina powders are used instead to produce a fine

finish. Where the application justifies the expense, as discussed earlier,

the complete vacuum vessel should be baked, typically to 4000 C for 6-8

hours. One measure of the effectiveness of technique, at least for gaps

above 1 mm, is the initial threshold voltage for microdischarge generation,

usually evidenced as a current loading in the system. In thelimit iL would be

expected that no microdischarges should occur, only discrete vacuum sparks

at high voltage.

Table 7. 1 provides guidance on the best metals to use for, vacuum

insulation. This is general agreement with -eference (30) which gives more

specific guidance. Area effect has to be borne in mind where stressed areas

are large, as discussed earlier (Figure 7. 9, 7. 10 and 7. 11).

Several special techniques can be applied to improve performance

over that obtainable with the bettermetal surfaces. The dielectric coating of

cathode surfaces is attractive, particularly where anodized aluminum can be
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used, as discussed earlier. Operations in a higher pressure range can be

most effective where not inadmissable for other reasons (e.g. cathode poison-

ing). This is particularly true at larger gaps and higher voltages which usu-

ally are associated with big systems which cannot be baked for economic rea-

sons, and as a consequence where current loading (microdischarges) is pre-

valent.
(26)Figure 7. 31 shows data obtained by Cooke on the effect of pres-

sure on the current loading threshold voltage. He was able to conduct his ex-

periments into the Paschen discharge region (curve 4) because in his equip-

ment the test gap was the largest available for discharge. In larger systems

the l'aschen region is entered at a lower pressure because of the greater

length of the maximum path available to the gas ionization discharge process.

As already discussed, operation al. a relatively high pressure can also be

used to reduce field emission by the "seli-sputtering" effect.

(33,81)(34)Biased grids(33i8l) and open surfaces in general are also

effective in raising the threshold level of the nlicrodischarge effect. This is

probably bec:ause grids reduce the effective ar-ea, but there may also be a

benefit fom the curvature of the field lines around wires. The curvature

may tend to inhibit the development of' the ion chain mechanism which is gen-

erally thought to iniliate microdischarges. Grids are effective in a "contanm-

inated" situation, but have to be used with care on a negative surface because

of electron emission resulting Irom the field intensification they produce.

Special techniques can be adopted in accelerator tubes to inhibit current load-

ing problems associated with ion mechanisms. One of these involves the use
(81)

of a biased grid. Another utilizes inclined field electrodes, carefully
'I I

configured so that the particle which is being accelerated undulates through

the tube, whereas unwanted ions can experience only minimal acceleration

before being trapped in the electrode system.(82)

Finally, it. should be noted that the operation of ion gauges and

pumps is based on the production of ions, and consequently they should be
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Figure 7.31 Pressure effect for various electrode systems.
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shielded from regions which are subjected to high stresses. For example,

in some situations it has been noted that an operating ion gauge in the wall

of a vacuum vessel has prevented the achievement of the required voltage

level - switching off the gauge immediately improves voltage performance.

Also, a gauge improperly placed can bombard a bushing or stand-off surface

with positive ions, since those surfaces tend to charge negatively, as dis-

cussed earlier. The reverse considerations are also true,i. e., electrical

discharges in vacuum can react with unshielded ion gauges to blow fuses, or

worse, in the gauge circuitry.

Ii
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SECTION 8

SWITCHES IN GENERAL

Earlier sections of this report have discussed the properties and

applications of dielectric media wherein the designer of high voltage equip-

ment, particularly the pulsed power variety, may accumulate and store elec-

trical energy prior to its delivery to a load. The remaining sections of the

report deal with switching devices whereby the stored energy is transferred

from storage, through pulse shaping elements, if any, and finally to the in-

tended load. The load itself may be an energy-transforming device such as

a laser or microwave tube; or, it can be an energy-dissipating element such

as a resistor in a protective fault circuit.

The nature of the load and its requirements or capabilities in

terms of risetime, falltihe, synchronization and pulse repeatability together

with the output configuration of the energy store and pulse-forming- network

(PFN) will in large measure determine the choice of switch. Although most

switches will be required to close a circuit with some specified precision,

some switches must be able to open a circuit rapidly when, for example,

energy is stored in the magnetic field of an inductor rather than in the elec-

tric field of a capacitor.

A range of commercially available devices including both hard

and soft vacuum tubes, mechanical interruptprs and solid state components

can accomplish many of the required switching functions. Where off-the-

shelf switching devices are inadequate, usually at the higher discharge ener-

gies and voltages or faster risetimes, it is necessary to employ a custom-

designed spark discharge device. Where the operating ranges of the com-

mercial and custom devices overlap, financial considerations as well as a

certain amount of personal preference will influence the choice. However,

the prudent designer will weight heavily the advantages of purchasing a

proven package of guaranteed performance.
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This section first describes certain commercially available

switching devices considered useful in high voltage equipment design. The

latter part of this section reviews the more common types of custom-de-

signed switches, their characteristics and limitations. Subsequent sections

of this report give detailed accounts of the many special switches which can

be designed and built by utilizing the dielectric media already described.

8. 1 Commercial Switch Tubes

Switch tubes include both "hard" vacuum and low-pressure-gas

or. "soft" d(vicus. The hard vacuum types depend upon the timely injection

of an ch iron buaen (wr plasnioid between cathode and anode to close the

switch. Multi-clemp, 0 ( pow\Ve tubes such as high frequency Ietrodes arc

operated as fast swiLch vs for modulator se:rvice.

Tetr-odUs and linear beam tubes are high impedance (100's of

ohms) devices with capabilities up to 1 kA at 60 kV for tetrodas and 30 A at

250 kV for the bhean tubes. Experimental linear beam devices to switch
(1)

The plasmoid-injocted triggered vacuum gap(2) (TVG) can pass

up to 100 kA while holding off up to 150 kV. These are notable for their

wide operating Ltange (2- 150 kV) and rapid recovery of dielectric strength

(10 kV per tsec). However, lifetimes tend to be limited te the order of a

thousand shots and damage is likely to occur whenever ratings are exceeded.

"Soft" tubes of interest here are the ignitron and thyratron. The

ignitron is a mercur:y-pool-czthode diode which has a third electrode to in-

itiate an arc discharge through the mercury vapor between cathode and anode.
(3)

Ignitrons, widely used in CTR work, have high current and charge pass-

ing capability but require long (several seconds) recovery between discharges

at high ratings. Their- current-handling capability is enhanced by their suit-

ability for parallel operation in banks containing hundreds of tubes. Develop-

rni,,tal niodels such as the General Electric Z-5234 have been designed for
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100 kA, 80 kV operation passing up to 30 coulombs per pulse. As long as

mounting position or environment can be kept compatible with the mercury

pool, system designers can use series parallel arrangements of more stan-

dard tubes to good advantage. At the expense of a shortened tube life, igni-

tron ratings can be substantially exceeded without sudden, catastrophic failure.

High power thyratrons contain an anode, one or more control grids

and a thermionic cathode in a ceramic envelope with a filling of hydrogen or

deuterium. The greater mass of the deuterium ion results in less mobility

and a corresponding increase in recovery time by JW2over a hydrogen-filled

tube of the same geometry. Lower ion mobility also results in reduced sur-

face recombination effects and a lower arc drop (,, 100 V). Deuterium is

mainly used in high power tubes, where recovery time may be of less import-

ance than hold-off voltage and dissipation.

Tetrode thyratrons are suitable for parallel operation. Although

no theoretical limit to parallel connections exists, a convenient practical

limit is six tubes. (4) Series operation can be accomplished with individual

tubes. However, the complexity of the arrangement (multiple voltage level

heater transformers) favors a series array of several gaps within a single
envelope. The development of such thyratrons has been extended to 3 and 4

gap devices holding off 40 kV per gap which can be triggered by a single driv-

ing pulse of a few hundred volts.

The advantages of thyratrons as switching elements in high voltage

pulse generators include wide unadjusted operating range, high pulse repeti-

tion rate (prf) operation with low jitter (1-5 ns), long life and relatively low

trigger requirements. Disadvantages (compared with spark gaps) include

large inductance, longer switching time, current and voltage limitations, and

heater maintenance power. Ratings of thyratrons are usually referred to the

high prf of modulator operation. For crowbar and other low-duty require-

ments a considerable increase in current passing may be achieved without

harm. However, some reduction in peak forward voltage rating is advisable

under the dc holdoff conditions experienced in crowbar-type applications.
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Parameters of interest to non-modulator users of thyratrons are

not always readily available from the manufacturers. An indication of these

parameters is given in the test results on the CX1168 in which the anode di/

dt of 5 kA/lsec was exceeded by more than an order of magnitude in single

shot duty. Operation at 4 pps with di/dt = 18 kA/psec was performed over
6 (5)

10 times with no pulse form deterioration and a jitter < +2 ns.

Soviet interest and utilization of thyratrons in short-pulse high-

voltage generators is indicated by the catalog of relevant parameters of their

thyratrons in Table 8. 1. Mesyats(6) gives a detailed description of a circuit

designed to overcome the large self-inductance of heavy duty thyratrons thus

enabling their use for generating high-voltage nanosecond pulses. The method,

in which a thyratron is used as the switch on a two-stage coaxial line piulse

generator, reduces the switching time by including a shunt capacitance and

series non-linear inductance in the anode circuit of the thyratron. For nano-

second pulse generation a ferrite-cored coil is suggested as the non-linear

inductanc,,.

A listing of treprcsentative switch tubes commercially available

in the US and UK is given in Table 8.2. Suppliers include English Electric

Valve, EG&G, General Electric, Machlett, RCA, ITT aid Westinghouse.

8.2 Solid State Switches

Arrays of transistors or thyristors have been used to provide the

intermediate triggering stages of some fast, high voltage systems. For ex-

ample, several GA200 thyristors, each of which will switch a 100 A pulse

in 10 Ds at 100 volts hold-off under repetitive operation have been used to

provide 10 kV trigger signals to high voltage nanosecond pulse generators. 7 )

Thyristor-switched modulators operating at peak powers of 60 kW (single-thy-

ristor) and 2 MW (series stack of thyristors) are described by Robinson.(8)
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Table 8. 1 Characteristics of Soviet thyratrons.

Thyratron type

I. Metal] ic-ceramic
Parameters TGI-1 TGI-l TGI-1 TGI-i

325/16 100/16 700/25 2500/3 TGI-i rGI-1 TGI-I
1000/25 3000/50 500/16

Requirements on stability,

for power source ....... 5 5 88 - -
for ignition ............. 10 10 10 10 10 - -

for heating of hydrogen Igenerator ............ 0. 4 0.1 0 4 0. o.14-
for heating of cathode. 11 - -
for amplitude of firing

voltage ............. 1 1 11 - -

Delay of discharge in
nominal mode, nsec ..... +1 +1 +1 +1 -

Front in nomLnal mode wi~h
heating vultage of 6.3
V, nse .................... 15 20 25 35 20 25 15

Minimum front at Uheat

V (nsec) ................. 10 12 15 24 15 15 10
Inductance of thyratron

(in coaxial case),
microhenrys ............. 0.15 0.15 0.35 0.7 0.2 0.3 ).12

Pulse anode current in
nominal mode, A ........ 325 400 700 2500 1000 3000 500

Pulse anode current at
tsp = 100 (noec) (exper-

imental data). A......... 10. 10 2.10 7. 3' 10) 10. 10 10
Average anode current, A . 0.2 0.5 1 2.5 1 4 0.5
Repetition frequency, liz... 103 450 500 250 700 - 103
Maximum anode voltage, kV. 16 16 25 35 25 50 16
Heating current, A ....... 8.5 11 20 55 20 87 15
Maximum amplitude of feed-

back voltage, kV ....... 16 5 5 5..- 13.2
Averag;e output power,

kilowatts ..... ......... . 25 4 25 25D
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8.3 Vacuum Interruption Devices

These switches which open and close by means of mechanical

movement of electrodes in a vacuum insulating medium are described in Sel-
(9)

zer's review article. They are of interest here only because of the very

high average power capability demonstrated by the series connection of two

separate interrupters to achieve a 34. 5 kVW, 1500 MVA rating. (10)

8.4 Switches for Inductive Storage Systems

(11)
In applications which require the storage of enormous amountsI 8

of energy, say 10 joles or more, energy density considerations show that

only inductive storage systems are practicable. Inductive stores transfer en-

ergy from a prime power source to the load in a manner which can be consid-

ered as a dual of the technique ubed with capacitive stores. That is, the in-

ductive store requires that a switch be opened while passing maximum cur-

rent, whereas the capacitive store requires a switch to be closed while hold-

ing off maximum voltage.

The switching of an inductive store is shown in the circuit and

waveforms of Figure 8. 1. After the energy store L1 has been filled from

the power supply, the switch S is opened at the time t 1 with a reverse volt-

age u appearing across the switnb At t2 the load (L2 and I 2) is connected

by means of S . The steepness of the current r'ise in the load is determined

by the voltage u3 and the load inductance L At the time t the load current
32* 3

begins to drop exponentially from its maximum value. The switch Sc could

be a triggered spark gap, if low jitter is desired.

Much ingenuity has been expended in the development of opening
(12)

switches for inductive stores. 2Relatively fast-opening switches in high

current circuits naturally entail high voltages due to the di/dt within the in-

ductive store itself. The switches must be capable of withstanding the re-

sultant high voltage and large amounts of energy dissipation. hiterrupting
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[FigureŽ 8. 1 Single-stage inductive storage system.
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switches suitable for the multimegajoule, megampere range involve fuses

which are exploded by more or less sophisticated circuitry.(l1° 12, 13, 14)
(15)Experiments with non-exploding switches have attained cir-

cuitbreaker voltages of 50 kV at currents of approximately 10 kA while endur-

ing a linear rise of voltage across the switch of 1.7 kV/ýLs. It is suggested

that such devices may attain voltages of 100 kV with rates of rise of a few

kV/Lts at currents of the order of 105 A. Circuits which utilize non. explod-

ing switches by taking up a portion of the energy in a capacitor are found in

references (1i) and (15).

8. 5 Discharge Gap Switching

By far, the bulk of custom-designed switches are closing devices

whose basic characteristics are voltage hold-off, rate of current rise, cur-

rent capacity, delay, jitter, dielectric recovej I, and operating life. The rel-

ative importance of these characteristics depends entirely on the intended

application of a particular device. In the high voltage equipment to which

this report is directed, switches arc closed by means of an electrical dis-

charge through a gaseous, liquid, solid or vacuum dielectric medium.

The methods of initiating this process are several - by overvolt-

ing, field distortion and by introduction of charged particles by means of a

laser, electron beam or auxiliary discharge. These methods will be discussed

in detail in later sections as they pertain to switching in the various dielectric

media.

8. 5. 1 Delay and Jitter

In general, the designer intends that a switch close upon receipt

of a logic comnmand from some point in the system or when certain predeter-

mined conditions of electric stress are applied to the switch either intention-

ally or in a fault condition, Precision of closure can and usually must be
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greater in the former mode of operation. Synchronization of switch closure

depends on how long it takes the switch to close after the signal or stress is

applied (delay), and how accurately the delay is repeated from closure to

closure. This accuracy in repeating delay is termed "jitter'" but may be

quantitatively defined in somewhat diverse ways by various investigators.

When sufficient data arc available, an rms jitter value can be defined as the

standard deviation from the arithmetic mean delay, assuming the delay data

form a normal distr'ibution.(16)

Delay in switch closure can be conveniently understood as having

two coinponceits: a statistical part and a formative part. The statistical de-

lay is that tinme between the initiation command and the appearance of the first

free electron. Although this electron can be obtained by chance, such as from

cosmic ray showers, it is usually advantageous to reduce or eliminate the

statistical lag by providing a source of free electrons either in the initiation

signal, as by an auxiliary discharge, or on a standby basis as by continuous

ultraviolet illumination of the switch gap. The formative time is the delay

between the arrival of the first electron and the completion of a conducting

path through the dielectric sufficient to essentially eliminate the potential dif-

ference between the switch electrodes.

Usually, but not always (see Section 9. 3) the jitter will be a nom-

inal (,10%) percentage of the delay.

8.5.2 tiisetime Consideratiu i

For very fast risetimes the performance of the switch is critical,

especially in low-imnpedance systemns. The geometry of the switch, associated

circuitry and the discharge growth are each significant. Choice of coaxial,

spherical, or linear configurations may be determined largely by the form of

the, system components to oe connected by the switch.

Circuitry utilized to shorten risetime includes the peaking gap

an-id peafkiig capacitor teclniques. The operating principle of a peaking gap
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is based on the fact that the slow-rise portion of an incoming wave (on a trans-

mission line) is reflected back to the source, and the forward propagating wave

assumes a risetime corresponding to the characteristics (length, dielectric

medium) of the last gap. Thus a short gap in the center conductor of a trans-

mission line ccp be greatly overvolted by a high voltage pulse traveling along

the line toward the gap. The rapid closure of this gap results in a steepening

of the pulse as it passes beyond the gap. This method of pulse sharpening is

most suitable for steepening an already fast-rising pulse.

A peaking capacitor is used to offset the effect of primary energy

store inductance on the risetime of an output pulse from a pulsed power de-

vice. Simply stated, the inductor is filled with energy and the desired load

current established prior to switching into the load. This scheme, similar

in concept and aim to that mentioned in reference (6) for use with thyratrons,

is described in EMP systems reports such as reference (17).

There are two phases of current growth through a switch, known

as the resistive and inductive phases. The resistive phase occurs with the

heating and expansion of the developing spark channel. Its duration depends

directly on the density of the dielectric and inversely on the electric field and

driving impedance. A theoretical analysis of the resistive phase is given by
(18)

O'Rourke. Although the inductance changes with time during channel

formation, it is usually considered constant for estimating purposes and

amounts to about 15 nH per cm for a I mm diameter channel. Empirical

determinations of these phases of current growth obtained by Martin(19) for

various dielectrics are listed later in appropriate sections.

Risetime may be improved by increasing the electric field, thus

reducing the resistive phase, and by decreasing the channel inductance. Un-

der certain carefully controlled conditions multiple, current-sharing chan-

nels can be developed across the gap. Since the channel inductances are

effectively in parallel, a substantial reduction in risetime may be obtained.

One must bear in mind the mutual inductance of the channels when predicting

the advantages of the multichannel technique.
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8.5.3 Lifetime, Erosion and Deionization

The optimum fast closing switch is one using a solid dielectric

because of the high electric field possible and dielectric density. Lifetime,

however, is limited to one shot. Switching in liquid may be specified, par-

Sticula'ly as an output switch in pulsed power systems in which the same

liquid is used for crergy storage. Electrode erosion rates in liquid are ex-

tremely high, however, even in the optimum case where the acoustic impe-

dance of clectrode material and the liquid are reasonably well matched.

Massive shock waves and mechanical forces are encountered when switching

very large energies in liquids. Decomposition of liquid dielectrics requires

special purification equipment and processing if repetitive operation is de-

sired. Gas switches encounter much less electrode damage and have self-

healing dieectric properties. Decomposition of high dielectric strength

gases such as SF 6 and some D'reons in enclosed switches results in conduct-

ing deposits which ultimately limit device lifetime by degrading its dielec-

tric envelope. FX'osion of electrodes in gas switches can be reduced substan-

tially, especially in high repetition rate applications, by careful choice of

materials. A sintered composite which conmbines the high thermal conductivity

of copper with the refractory properties of tungsten has been found useful in

resisting erosion in gas switches.

When a switch must return to a non-conducting state in a fraction

of a second, the deionization time of the device must be considered. Since

dielectric recovery is not a linear function of time, compensation for the

switch deionization time can sometimes be made in the charging circuit, for

example, with inductive charging instead of simple resistive charging.

Repetitive switching with any device requires that the system de-

signer account for the thermal load on the switch and its environs determined

by the operating duty cycle.
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SECTION 9

GAS SWITCHES

Spark gaps which utilize gas at pressures about one atmosphere

or greater are widely used for their relative simplicity of design and control-

ability. Gas switches can pass high currents and withstand voltages in the

mnultimegavolt region with increased pressure and use of electronegative

gases such as those described in Section 4.

Uniform field geometries provide that maximum and mean grad-

ients do not vary widely. Spherical or hemispherical electrodes are often

used; however, electrodes having ftogowski or Bruce profiles (Section 2. 2.7)

result in more uniform fields. Nonuniform fields are often used to advantage,

especially in fast-operating switches (cf Section 9. 1.2).

Gases commonly used include N2 , CO2A air, SF6A Freons and

mixtures of these. Despite similar electric strength, N2 is preferable to air

for its inertness.

9.1 Overvolted Switch

The simplest type of switch is the overvolted switch in which the -

gap voltage is increased until dielectric breakdow, occurs. Variations on

this theme include reduction of gas pressure or changing its properties--as

by heating--until breakdown occurs.

Taken by itself, such a gap has rather poor synchronization pro-

perties. However, when closed by a fast-rising pulse with a voltage greatly

in excess of the self-breakdown voltage (SBV) of the gap, an overvolted

switch can close quite rapidly and with low jitter, as, for example, when it

forms part of a three-electrode switch described below.
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9. I. 1 The Rope Switch

A clever circumvention of the characteristically large Jitter of

the overvolted type of switch is the "rope switch". This switch takes ad-

vantage of the statistical distribution of switch breakdown times to realize a

high-voltage, low-jitter spark gap from a series connection of identical low-

voltage gaps. Assuming a normal distribution of firing delays, a series array

of N gaps will have n gaps breaking down early, that is, at one or two stand-

ard deviations below the mean voltage. However, the remaining N-n elements

will keep the switch open. Around the mean voltage most of the remaining

switches will fire. Those switches which would ordinarily fire late (at one

or two standard deviations above the mean voltages) will have almost the en-

tire series voltage impressed across them, whereupon they close rapidly.

The upper and lower ends of the normal distribution of the individual switch

are essentially removed as factors in the performance of the N-stage switch,

thus sharpening the delay distribution and jitter of the array.

Experimental results with a 10-stage rope switch closing a 200

kV "gap" gave a maximum jitter of 11 ns and standard deviation of 3 ns, a

factor of 3 lower than single gap performance. Dual channel breakdown of

rope switches yielded a risetime of 26 ns compared with 33 ns for single

channel.

9. 1. 2 Nonuniform Geometry

Tests of high power overvolted gaps for the RES LC generator

output switch(2) showed best results with a point-to-plane geometry consist-

ing of a stainless sleel cylindrical anode with a knife-edge at its surface

which faced a large-diameter, brass disk cathode. This device switched

500 kV across a 3 cm gap in SF6 at 15 psig.

A thin cone gap operating up to 350 kV in SF6 and Freon- 12 is

described in (1). Risetimes of 2-3 ns are reportedj(2 for Freon-12 and 3-5

cs Ior SFvG as shown in Figure 9. 1.
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(3)

Another overvolted switch of interest is Martin's 3-meter-long

edge gap which is really a point-to-plane stretched out over 3 meters. This

switch closed a line of 0. 45 ohm impedance at 105 kV in 5-8 ns by means of

140 channels which closed within a span of 0. 6 ns. The risetime of a single

channel across the same impedance was estimated at 110 ns, thus indicating

a factor of 20 improvement with the multichannel gap. The jitter of such a

switch, expressed as a fraction of the mean breakdown voltage, has been

measured as approximately 1/2% when the charging time is about 100 ns,
rising(4)

rising to 2% for charging times of 2 .ts. Breakdown data for edge-plane

gaps at pressures >30 psig in SF6, Freon-12, N2 and air are given in (1) for

breakdown voltages of 200-350 kV. Jitter as low as 7 ns is observed for N2P
with air and SF6 yielding about 10 ns.

The above examples illustrate the adaptation of the simplest of

gas switches to quite sophisticated operation.

Operation of a 150 psig SF6 switch at 3. 5 MV is described in de-

tail in reference 5. Gap spacing between hemispherical steel electrodes was

set at 4. 5 cm for a design goal of 2. 5 MV. The standard deviation of switch

closure for 1 ts charging time was pressure dependent: 6. 3% at 150 psig and

4.2% at 100 psig. Reference (5) discusses -witch performance in the context

of an EMT1 system risetime.

9. 1. 3 Repetitive Operation and Fast Restriking

The limit to repetitive operation and other occasions of rapid re-

application of voltage to a switch is often set by the dielectric recovery time

of' the .;witch. When lifetime requirements are higi and minimum mainten-

ance is available, electrode erosion may become a limiting factor.

Both dielectric recovery and electrode erosion are applicable to

most switch designs; however, their experimental determination usually in-

volves simple geometry such as the overvolted or simply-triggered switch.

If,-cr', these subjects are treated in this subsection.
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9.1.3. 1 Dielectric Recovery of the Spark Gap

To restore the dielectric strength of a switch after discharge,

the charge carriers produced during the discharge must disperse and the

electrodes must lose heat. Dielectric recovery is established when the dielec-4

tric strength exceeds the reapplied stress.

A survey of the literature concerning arc recovery reveals the

subject to be an extremely complex one involving several or all of the follow-

ing parameters; electrode material and geometry, gas composition and pres-

sure, arc length, and current.

Most of the work on arc recovery can be found in the periodical

literature (cf references (6) through (12)) and a comprehensive review of ex-
(13)

perimental data by Milde. Although generalizations must be interpreted

with considerable care, it is worthy of note that gaps using Elkonite(14) elec-

trodes have demonstrated better voltage recovery than those with copper or

(9)
tungsten. As might be expected, recovery is favored by increasing gas

pressure. In order of increasing recovery times several common gases are
litd(13)

listed: H2 SF6 CO2, 0 2 He, Air, N2 and Ar.

Perhaps the most significant dielectric recovery information for,

the designer is shown in Figure 9. 2. Note the nearly flat recovery of voltage

with time during the first 100 ýs after switching. This behavior should be

borne in mind when specifying the charging waveform for a high repetition

rate system.

Methods of enhancing the recovery time include the placement of

a series of discs within the gap to aid cooling as in Frutngel's hydrogen

quenching spark gap, or the flowing of air through the gap to cool it and re-
movediscarge(16)

move discharge debris. The former method has been demonstrated to be

reliable in the range of 6- 12 kV with peak currents of 0. 5- 500 kA at up to 300

kHz. Extension to 300 kV has been reported with the use of many discs. The

switch described in (16) has demonstrated a 100-hour life at 50 Hz while pass-

ing 2. 5 kA in 2 . 7 -gjs pulses in the 20-to 60-kV range.
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Figure 9. 2 Arc recovery strength in N2 at I atmnosphere.

(1/4 inch gap, 3/4 inch cylindrical electrodes (CU), 400 ampere arc)

(From G. A. Farrall and J. D. Cohine, I~l~ E Trans. on
Plower Apparatus and Systems PAS-86, 927, 1967)
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9. 1.3.2 Electrode Erosion

The operating characteristics of spark gap switches depend on

the geometry of electrodes which may become distorted by erosion. Further-

more the products of erosion, sometimes in combination with gas decomposi-

tion products, can become deposited on insulating surfaces of the switch

thereby !'.orteening its life.

Erosion of electrode material is due to heating which occurs

mainly from bombardment by charged particles. Hence it is sensitive to

current density and gas comniposition. As a result of brief powerful thermal

fluxes and limited heat conduction of electrode material, such surfaces can

be heated to melting and vaporizing temperatures. Two regions of erosion

ear be distinguished experimentally. At currents up to tens of kA, erosion

results primarily from vaporization. For much larger currents the ero-

sion i-.wreases abruptly, rorresponding to loss of material by the ejection

if moLen metal.

This subject is treated in some detail in the Soviet literature

which is comprehensively reviewed in reference (17). It is interesting to

note that the most durable Soviet matcri.d is repoi-,ed to be AVM-30, a 7
copper-tungsten composite apparently ,-imilar to Elkonite (Table 9. 1).

C'Lner materials recommended in (17) ac.ýe molybdenum and tungsten. Re-

sults with heat- re-,istant steels, brass and copper are reported to be less

favorable.

A study of rast., overvolted gaps in repetitive operation was made

by Proud and Huber(18) in the voltage range of 40 to 70 kV. Risetimes as

1.w as 50 ps were measured in single shot operation. Cathode erosion ex-

perixnents at 400 pps shcwed remarkable erosion resistance for Elkonite

wioen compared to copper electrodes in air at atmospheric pressures. No

further improvement was found when pute tungsten was substituted for type

?SW3 El -'onite.
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Table 9. 1

Properties of Copper-Tungsten Composites

Material Elkonite 10W3 Elkonite 30W3

Composition (by volume) 57% W, 43%Cu 66% W, 34% Cu

Density (grn/cm 3) 14.7 15.8

Electr'ical Conductivity 46 -40
(% IACS)

Thermal Conducti~vity 0.61 0. 57

(cgs units)

Ultimate Tensile 90,000 ,90,000

Strength (psi)

-
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Other tests on Elkonite at higher energies at 1-10 pps are des-

cribed in (19). For the lower rates erosion in SF 6 was found pL oportional

to the charge passed,Jidt. The observed rate of -10 pg per coulomb is
(20)similar to lelkin's result for copper cathodes at one atmosphere of hel-

ium in discharges of less than 40 kA. The results of (19) implied the fol-

lowing statements useful in spark gap design with l'konite:

(1) Erosion is a strong function of pressure, increasing super-

linearly with pressure up to 45 psia and at least linearly to

60 psia.

(2) Ehrosion in an atmosphere of SF 6 is increased with increas-

ing I'PIF in the range 0. 2 to 10 pps.

(3) Ehrosion is reduced by the addition of 50% Ar to a 3 to 1

mixlure of Freon- 116 and N2 0.

(4) IHrosion in SF6 is not strongly affected by electrode polarity.

(5) 'rosion in tihe i'reon-NN2 0- Ar mixture (sue above) is polar-

ily-sensitive, being greatelr for an anode.

9.2 Three- Elect rode Swilch

The addition ol' an additional electirode to the simple two-electrode

gap described above providets a vehitle I'or initiating closure on command.

Two basic forms of the thrce-electrode switch are the field distortion switch

and dhe trigatron.

9.2. 1 The Fi-eld- Distorlion Swilch

A typical jield-tdistortion swilth is shown in Figure 9. 3. P'rior to

switching, the sharp-edged mid-plane elect rotde is held b)y means of capaci-

tive and/or resistive grading at the potential corresponding to the equipoten-

tial establi'shed at its phin sical location in the field between the main electrodes.

Closure in the swinging cascade mode is illustrated in Figure 9.4. In this
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Ii
Figure 9.3 Field distortion switch.
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Figure 9. 4 Swinging cascade breakdown mode

for- 3-electrode switch.
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nmode a trigger pulse Vt is applied to the mid-plane electrode thus creating

field intensification, ionization and breakdown of the larger gap x. When gap

x breaks down the voltage on the mid-plane electrode swings to the opposite

direction, greatly overvolting the smaller gap y. A simultaneously overvolted

(SOV) mode is also possible in which both gaps are overvolted to breakdown

by the trigger voltage alone.(21) Operation in the SOV mode is said to mini-
(22)

mize risetime and produce a clean wavefront. This mode requires a fast-

rising (,10 kV/ns) trigger voltage to be applied to the center electrode.

The proportiQn of spacings between the mid-plane and main elec-

trodes should be 60/40 to 70/30. Barnes et al have demonstrated the in-

adequacy of the 50/50 spacing for wide range triggering. In the same refer-

ence are described 60 kV, field-dstortion spark gaps with an inductance of

15- 18 mH which operate at a peak current of 450 kA, passing 7 coulombs per

pulse. No deterioration was noted after 2000 shots. A trigger requitement

of at least 4 kV/ns was pointed out in (23). Further analysis of the same

type of switch indicates +2 ns jitter with an 18 ns risetime with 60/40 gap

ratio. Earlier development and design criteria for these switches are given

in (25). A 15 kV, 1- 5 ns risetime, air spark gap using a "heater" capaci--

tance to create a high- conductivity spark is described by Vorob'ev and Kor--
(26)

shunov.

An important aspect of risetime is the resistance time of the

spark channel. As mentioned in Section 8, an empirical expression has been

published by Martin for the resistance time ef a gas spark channel in

nanosec::onlds:

1l/2 __i1/3
t = [_P 11 (1)!

410 042 -
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where E is the field along the channel in MV/cm

Z is the generator driving impedance in ohms

p /P is the ratio of the gas density to that of air at NTP
0

Judged by the p / p term hydrogen would be an attractive candidate for fast

risetime switching. Experimental comparison of H2 and air in a three-elec-

trode gap is presented in (28) in which a factor of two improvement in rise-

time is observed for H over air. However, jitter is noticeably greater,
2

which fact is attributed to a shift to the swinging cascade mode rather than

SOV operation. Means of maintaining SOV mode are discussed.

In considering the mid-plane gap for very high voltage switching,

it should be noted that trigger voltage requirements are inherently high, be-

ing nearly equal to the holdoff voltage of an entire switch.

9.2.2 The Trigatron

The trigatron form of switch initiates closure by both ionization

and field distortion. A third electrode, usually a pin, small relative to the

main electrodes, is mounted coaxially within and insulated from one of the

main electrodes. A discharge is initiated between the trigger pin and its

host electrode by means of a pulse of, say, a few tens or hundreds of kilo-

volts thereby providing the necessary charge car'riers plus local field intens-

ification which rapidly cause the main gap to conduct. See Figure 9.5.

The mechanism of trigatron closure has been studied in some

detail. ( At least two stages of discharge development may be dis-

tinguished: a threading of the gap with filamentary discharges on applica-

tion of the trigger pulse and the development of a main stroke propagating

at 108_ 109 cm/sec which can he explained by the streamer mechanism (See-

tion 4. 1).
Of more immediate concern to switch design is Shkur'opat's (31)

summary of trigatron operation according to electrode polarity shown in

Table 9.2. This summary pertains to gaps operating in excess of 40% VSB
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Electrode I Electrode 2

.I .,7- Triggcr Pulse

Figure 9. 5 Trigatron. I
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Table 9.2

Electrode Polarity and Trigatron Characteristics

I
Trigger Opposite Host

Range Jitter Electrode Electrode Electrode

I t + +
+

0 +

--
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where Ield distortion is the primary triggering mechanism. For lower oper-

ating voltages stable operation requires high-current (, 60 kA) triggering.

A limited range of trigatrons is available commercially (Table

8. 1). Many spe'ial designs have been developed using a high pressure gas

dielectric such as N2, CO2P SF 6 at pressures from 100-400 psi. Operational

voltages have been as high as 10 MV. Such switches have significant dimen-

sional departures from the ,50 kV devices studied by Shkuropat, but are com-
(30)parable in size Lo the MV switches examined by Broadbent and Shlash,

having main electrodes of meter dimensions and gap lengths of tens of centi-

meters.

Low voltage (20-100 kV) trigatrons have trigger requirements

similar to the swinging cascade devices already described; i.e., trigger volt-

age must be a substantial portion of the main gap voltage. Megavolt triga-

trons have the distincL advantage of requiring relatively low trigger voltages

to initiate fa'it switch closure, with an amplitude .200 kV being adequate (34)

even for switches with main gap potentials >10 MV.

The precise control and low jitter operation achievable with multi-

megavolt trigaLrons has made possible the operation of such switches with a

.. ,ultiplli.city of simultaneously-triggered, current-sharing channels. Exten-

sive data on thet operating range of' double-channel multimegavolt switches

are presented in (19). One of the most notable trigatrons is the six-channel,

4.5 MV output switch in the ARES (35) EMP generator which has consistently

exhibited risetimes well below 10 ns.

Other state-of-the-art examples of large trigatrons are the 3-MV,

250 kA Gamble I switch and the array of four 2 MV switches passing 400-800

kA through 4-10 atmospheres of SF6 in the Blackjack(36) facility.

9.3 Photon Initiated Switch

The energy required to produce the initial electrons or to preion-

iz(: ihe dis:harge path during a switch closure can be supplied by means of

plio}ri s rang-ing from uli raviolet to infrared.
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Non-coherent sources of ultraviolet radiation have long(37) been
used as a means of providing the initial electron in both switches and voltage

breakdown measurements to eliminate the statistical delay time. For direct

photoionization of 02 and N2 molecules, photons with wavelengths 990 X and
2

790 A, respectively, are required. When photons are us• d to overcome the

work function of the electrode surface, it is found that photoelectron emission

grows rapidly with decreasing photon wavelength, the threshold wavelengths

for Cu, Fe, and Al being in the range 2600-3000 A. Because of the absorp-

tion of such shortwave radiation in air, it is necessary to keep the source of
0

quanta as near as practicable to the target. Use of 1100 A - radiation will

minimize the absorptive effect of intervening air.

Typical applications of this technique utilize fast-rising spark gaps

or mercury-vapor lamps as sources of UV radiation. Sometimes, as in the

case of a multiple-switch device (e. g. Marx generator), spark gaps may be

arranged so that the gaps which fire earlier irradiate the later-firing gaps.

The application of UV radiation for preionizing the discharge path

has been reported by Bradley(38, 39) who found an order of magnitude increase

in streamer velocity in an irradiated, pulse-charged, l-cm gap in the range of

1-12 atmospheres of N2 His sources of UV include a fast-rising spark gap
2' 0

and a super-radiant N2 laser operating at 3371 A.

Although the electromagnetic radiations from a spark gap and

from a laser are of identical nature, the processes whereby gas breakdown

occurs in the presence of one or the other type of radiation are substantially

different. Principally, laser radiation is coherent and capable of being focused

to very intense power densities. The resulting gas breakdown and elcotrode

interactions provide the basis for the very precise method of switch closure

known variously as the laser-triggered switch (LTS) and the laser-triggered

spark gap (LTSG). Before discussing these devices, let us consider- some of

the basic phienomena which influence their behavior.

Laser induced breakdown of gases has been the subject of consid-

erahle research. A review of this work by DeMichelis1 40) contains a thorough
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synopsis of the breakdown mechanisms together with a bibliography of 161

papers published in the open scientific literature through May 1968. Included

in the review are discussions of the effects of gas pressure and laser wave-

4 length on breakdown power threshold. Some more recent literature is very

briefly described in (41).

For the gases of interest to switch designers, the power required
(40)

for breakdown decreases with increasing pressure to at least 1000 psig.

(40) 0
After reaching a peak around 6000 A, the wavelength dependence of break-

down appears to decrease monotonically with increasing wavelength. Some

recent measurements in Ar show a power requirement of 10 to 10 W/cm
0 0 (42) 8 2

in the range 7300 A to 8400 A, which is reduced to 10 W/cm at the
10. 6 fan ( 106,000 wavelength of the CO laser.(4)

10.6 2

In most switching work the laser beamh is focused on or very near

the surface of an electrode, thus complicating the understanding of spark for-

mation still further. Gases liberated by reason of evaporation of part of the

electrode surface will interact with the laser beam in the production of the

initiating discharge. A source of initiating electrons exists also in the therm-

ionic emission of electrons from local hot spots on the target electrode as 'I

suggested in(37, (44)and(45). Khan(45) has calculated the factors which maxi-

mize the Richardson heating of an electrode and suggested electrode mate-

rials in order of decreasing preference: Ta, W, brass, Al and Cu. A num-

bert of papers dealing with electrode-laser interactions are included in refer-

ence (46).

The nature of the path between the initiating discharge and the

oppo:site electrode has an important bearing on the delay and jitter encountered

in switch lireakdown. In the event that the spark gap axis and laser path are

:o-linear, the studies of streamer propagation over long paths(47) and the

onset o! sc],'-focusing are pertinent. Self-focusing deals with the establish-

ment of a dielectric waveguide in a medium whose dielectric constant increases

wi, clu,. •' .'icul intensity, but which is homogeneous in the absence of an
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USSR~~~ and (48)electromagnetic wave. This effect has been studied to a large extent in

the USSR(49) and Canada. (5 0 ' 51) Two important characteristics of self-focus-

ing are the existence of breakdown regions less than 5 pm in diameter and the

threshold estimates of 1-80 MW in air over the pressure range 100- 1 atmos-

i phere.

Laser-triggered switching has been reviewed by Guenther and

Bettis. (52, 53) Although Pendleton's(54) early work dealt with irradiation

orthogonal to the axis of the dielectric gap or electrode, most of the subse-

quent work has utilized a coaxial geometry similar to that in Figure 9. 6 in

which the laser beam is focused on or slightly below the electrode surface.

The mechanism of breakdown in the LTS is generally understood as a two-

step process in which the initial electron density grows in avalanche fashion

while partially traversing the gap until a critical number of electrons exists

such that the avalanche evolves into a streamer which very rapidly closes
(52, 53)

the remaining gap. The streamer theory, initially proposed in con-

nection with Q-switched laser pulses (_10 p s duration) has recently been found

in agreement with experimental behavior(55) of a nitrogen gap triggered by
means of a 7-ps pulse. The avalanche-streamer br'eakdown model is sum- f
marized in equation (2) for the switching delay in closing a gap of width d:

In n - In N d - X
c + c(2)

('V S

where n = critical number of electrons at avalanche-streamer
C

transition

X = distance from target electrode to point of avalanche-

streamer transition

N = initial ionization
0

= first Townsend coefficient of the gas

v = electron drift (,,avalanche) velocity

s = streamer velocity
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Figure 9. G Schematic diagram of the laser-triggered

switching apparatus.
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Two regions of delay can be identified{ 52) in terms of their associated jitter.

First, when the total delay is less than the duration of the laser pulse, the

value of N continues to increase, thus reducing switch jitte: to a minimum.

Second, when delay is significantly greater than pulse duration, the growth

of the avalanche includes statistical fluctuations which result in a jitter of

about 10% of the delay. Under certain conditions in which laser power density

at the target electrode is kept constant, the delay may be increased while

maintaining low jitter by decreasing the power' density along the discharge
(56)

path.

In assessing the effect of laser power on LTS operation it is neces-

sary to consider the beam divergence o of the laser and the focal length f of

the lens, since the minimum spot size upon which the laser power can be dir-

ected has a diameter a = f o. The pulse duration must also be taken into

account as evidenced in Figures 9. 7 and 9. R which show a distinct turning

point in jitter when the delay has dropped below the total laser pulse duration.

As can be understood from the variation of gas breakdown threshold with wave-

length, this factor, must also be considered.

For the cost-conscious designer of an LTS system for a single

gap or for one who must close several switches by means of the same laser

beam, an estimate of the minimum power to do the job is necessary. Assum-

ing a jitter of very ['ew nanoseconds to be allowable, Table 9. 3 has been com-

piled to show representative operating parameters and laser specifications

which relate to power available for switching. The information in the table,

although not intended to he comprehensive, does show the potential advantage

of the longer neodymium wavelength. For high repetition rates, of a few tens

of pps, only the Nd:YAG is feasible. As shown in reference (57), subnano-

second jitter, at up to 50 pps can be achieved with very low power from a Nd:

YAG laser.

As is clear from the parametersin equation (2), the gas composi-

tion is of considerable importance. Generally ore should try to couple
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reasonable dielectric hold off capability with a high c v product. Fortunately

the power threshold for laser-induced breakdown goes inversely with pres-

sure, just the opposite of dielectric strength. Thus the addition of a gas with

largerphoto-absorption cross-section, such as Ar can be offset to some ex-

tent by increasing the gas pressure. The effects of gas composition and pres-

sure have been shown in several references. n 5 5 58) In general: delay

and jitter go down as the percentage of Ar is increased. Dielectric holdoff

considerations usually eliminate the use of 100% Ar in switching applications.

A mixture of 50% Ar, 40% N and 10% SF was used in a 3-MV switch which
2 6

was triggered in 10 +0. 7 ns by means of a 160 MW pulse from a high-bright-

ness, Q-switched ruby laser. Delay data for ihis switch is shown as a fre-

quency of occurrence diagram in Figure 9. 9.

The e'fect of switch polarity is quite small and more of academic

than practical interest.(53) Guenther and Bettis(60) have observed that a

charged anode target is preferred. Other investigators(5'58 have not ob-

served a polarity effect in their, range of operation.

The precision with which a spark gap (can be closed using LTS

recommends this technique for multiple-switch operation in which the laser

beam is split one or more times either to initiate a number of synchronous

gaps or to produce two or more distinct, current-sharing channels across

a single spark gap. The operation of four 50-kV gaps at 50 pps with a syn-

chronization of •0. 1 ns is reported in reference (61). A diagnostic system

for indicating synchronization is also described. In this case, splitting of

the laser beam is achieved by means or glass plates inserted in the beam at

a predetermined angle. A similar technique is reported by Khan(45) for a

five-gap system at 30 kV. The application of multigap LTS to Marx gener-

ator operation is described in (56). Double-channel LTS has been reported

in the megavolt range in references (53) and (56). Both papers report a re-

duction in risetime by nearly a factor of two when current-sharing exists

between the two channels. Beam splitting must be quite precise to observe
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full current- sharing. Because of spatial non-uniformities in the laser beam

cross section, it is important to use a beam splitter which divides the en-

tire beam rather than a segmenting typ6 of divider which spatially cuts up

the beam (i. e.,like a pie, for instance).

9.4 Electron Beam Initiated Switch

The ionization required to close a gas-insulated switch can also

be achieved by means of a beam of high-energy electrons. In early Soviet

work(61) performed at Leningrad Polytechnical Institute in 1339, electron

beams were accelerated by pulsed discharge devices of 2000 and 700 kV.

The firing voltage of an air-insulated spark gap was found to decrease by

50% below its static value when the electron beam was directed along the

electric field between the electrodes. No decrease was noted for opposite

polarity. A reduction of electron beam intensity by two orders of magnitude

did not change the effect of the beam on switch closure. Furthermore,

gamma-radiation occurring simultaneously with the electrons was shown to

be ineffective in reducing the firing voltage.

More recent work(62) reviewed in (61) studied the triggering

action of 3-4 MeV electrons with a pulsed current of 0. 2 A on a uniform

field spark gap insulated with N2 and H2 at pressures from 12. 5-500 torr.

When triggered, the closing voltage of the spark gap dropped to 20% of the

static discharge voltage, which fell between 1. 2-13 kV depending on gap

length (0. 6-10 mm) and pressure. Breakdown was said to be caused by,

field distortion introduced into the gap by the space charge created by the

electron beam. Delay time, which was not studied, was estimated as 100 Ps

or less as the maximum voltage was approached.

A discussion of the current-voltage characteristics of an elec-

tron-beam initiated discharge in high pressure gas is given in (63). A titan-

ium window foil was used to pass the 20 cm2 electron beam into a gap hav-

ing widths of 2-20 mm at pressures of 1-16 atmosphere of N Gap voltage
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was in the range 5-250 kV pulsed and 5-50 kV static. The electron beam had

a maximum energy of 180 keV and an average energy of 80 keV. The dis-

charge growth time was determined to vary from 240 to about 10 ns as the

gap voltage was increased from 100 to 210 kV at pd = 5320 torr cm.

Most recently, electron-beam switching in high pressure gas has
(64)

been reported by Abramyan et al, who used a Tesla transformer to charge

the spark gap to 0.2-1 MV. An electron beam of 150-400 keV and a current

of e.10 A was injected through a 5 ýjrm Al foil in 5 ns along the axis of the gap

and directed at a positive, pulse-charged electrode. It was found that an in-

crease in the operating voltage from 55% to 85% VSB decreased the delay

from the range 100 to 150 +30 ns (for various beam energies) to the range 20

to 40 +1 ns. Operation below 50% oVSB did not result in a discharge. Above

.5% VSB self-maintaining breakdowns would occur infrequently. The time

delay was found to decrease as the energy of the injected electrons was de-

creased from 430 to 150 keV, a resulL in accord with the increased stopping

power of gas for lower energy electrons.

In eight atmospheres of N the gap was closed at 360 kV, 86%
* 2
VSB, by means of a 150 keV, 3 A electron beam in a time of 20+1 ns. In

eight atmospheres of natural gas, switching could be carried out at voltages

near I MV.
8

The rate of discharge development •2 x 10 n:m/sec does not

contradict the results of streamer breakdown theory.

9.5 Design Considerations

When system requirements of high current. high voltage, low in-

ductance, short delays and wide range of voltage control exist that cannot be

met by commercially available switching devices (Section 8), the gas-insulated

spark gap should be given serious consideration in the custom design of a

switch. Gas insulated switches are self-healing, capable of repetitive oper-

ation with minimum maintenance, and when suitably enclosed, relatively

quiet in operation.
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The previous sections have described various forms of gas switches,

categorized primarily according to their method (or lack thereof) of triggering.

The order of the discussion is indicative of the level of complexity of the trig-

gering scheme. Economy of design will be served by choosing the least corn-

plicated method of switching that will satisfy the operating requirements. The

three-electrode gap in one of its forms is usually satisfactory. Experimenters

who already have high-powered lasers and who wish to synchronize an event

with the output pulse of the laser have found the laser-triggered-switch quite

useful. The LTS is a most convenient technique for operating an electro-optic

cell to gate out a single mode-locked pulse from a train of such pulses.

Except for those operating in atmospheric air, switches must be

integrated with the rest of' the high voltage system. It is fortunate, indeed,

if a high pressure switch is to be operated in the same dielectric environment

as the energy store being switched as, for example, in the multimegalolt,

gas-insilated tlash X-ray machines used in nuclear weapons effect simula-

tion. UTsually the gas-insulated switch must be isolated from a liquid, gas-

eous or vacuum environment by means of a solid dielectric cell such as lucite,

or fiberglass. Electrode plates are held in place by means o[ dielectric bolts

or threaded rods which are usually located outside the switch cell in the host

dielectric. Design of' the switch cell and fastening rods requires considera-

tion of the voltage flashover data discussed in appropriate earlier sections of

this report.

At all times when handling compressed gases, due attention must

be paid to the significant amount of mechanical energy stored in a volume of

compressed gas. Standard ASME codes should be adhered to in the design

and utilization of pressurized gas enclosures. Chemical hazards, such as

the toxic decomposition products of SF6 and Freon, must also be guarded

against.

Hazards which may seem unusual to the average high voltage

worker are present in the use of lasers for spark gap triggering. Personnel
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should be protected by means of eye-goggles which reject the laser output
wavelength. The danger is more subtle at wavelengths beyond the visible

region. In can be said, however, that personnel danger is likely to be greater

from the high voltage supplies used to operate lasers than from the lasers
them selves.

Optical components should be properly coated and constructed

of bubble-free material to avoid damage from high powered laser beams.

A cost tradeoff can be made in this case, however, especially in develop-

mental programs. For example, one can purchase 100 or more simple

lenses from Edmonds Scientific for the price of a single anti-reflection-

coated, fused silica lens of similar focal properties.
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SECTION 10

LIQUID SWITCHES

Liquids possess self-healing properties similar to gases, and generally have

relatively higher dielectric strengths. Thus, lesser gap spacing can be used

for comparable voltages with a resultant lowering of switch inductance and

risetirne. Moreover, the inclusion of a liquid switch, liquid energy store

and liquid-filled PFN in a single container offers obvious advantages over a

system in which the switch contains a different dielectric medium than the

connected elements.

Since the dc self-breakdown voltage o1' a liquid dielectric switch

is quite erratic due to entrained bubbles, impuritie4 and density gradients,

this type of switch should be considered only for pulse-charged operation.

Closure of liquid-filled switches can he accomplished by many of the same

techniques already described for gas switches.

10. 1 Overvolted Switch

Overvolted gaps insulated with oil or water have been widely used

to provide fast-rising pulses in a simple manner. Jitter of :3 or 4% of the de-

lay time and closure gradients of 400 kV/cm in oil and 300 kV/crm in water
(1)

have been obtained for microsecond pulse-charge times. A 3 MV oil gap

overvolted switch in a 30 ohm Blumlein pulse has exhibited a closure time of

about 40 ns for a 5 cm gap setting. This switch is said to be reusable for

more than 100 pulses.(2)

Risetime of the pulse due to the duration of the resistive phase

can be calculated in ns from

1/2
R Z '1/3 E 4/3

o-B
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where p is the density in gm/cc

Z is the driving impedance
0

E B is the mean breakdown field strength in MV/cm

This relation was used in reference (3) to make a design choice of pressurized

SF6 over oil as the insulant in a proposed 5 MV output switch for a RES II

system.

Some preliminary tests on a 250 kV, three-channel water switch

are described in reference (4), which showed both streak and time-integrated

photographs of the closings. Jitter time between channels was less than 200

ns and current sharing was unequal.

Multichannel switching at 400 kV in an edge-to-plane geometry 34
(5)

cm long has been reported by Martin. The edge required periodical sharp.-

ening during liquid breakdown tests. In view of the severe personnel hazards,

not to mention the carbon by-products, the use of C Cl for the dielectric fluid
4

reported in (5), should be discouraged.

A 200 kV self-breaking multichannel water switch was examined

for the Super COGP N(6) program. An average of the data showed risetime

decreasing from 25 ns to 10 ns as the number of channels firing increased

from 2 to 6, while operating into a 1.6 ohm load.

10.2 Three Electrode Switch

The field-distortion or mid-plane switch has been used with some

success in pulse-charged, liquid-filled gaps. Water gaps have been used up

to 3 MV in both single and multi(channel modes. Oil gaps have been operated
(1)

at levels up to 5 MV. A mid-plane, double-channel water gap for opera-

tion up to 300 kV is discussed in (6).

Tests of a 45 kV trigatron insulated with technical water is re-
(7)

ported by Aksenov et al. The geometry is essentially that of the gas trig-

atrons described earlier, except that the trigger electrode is a disk having a

diameter almost half that of its host electrode. The auxiliary discharge takes
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place across an annular gap 0. 15 cm wide, and the main gap spacing is 1 cm.

A trigger voltage pulse of 22 kV was used while the main gap was operated at

20-35 kV. A maximum delay time of 60-80 ps was noted for main gap break-

down when the trigger pulse and main gap pulse arrived simultaneously. Main

gap delays of less than 10 ps were observed when the main pulse arrived ,,,80 Ps

after breakdown of the trigger gap. This latter mode of operation also resulted

in maximum current output (.,25 kA).

Another reference to liquid-filled switches, concerning transformer

oil, i~ndicates their use has not been popular in the USSR because of their in-
(8)

stability and short life.

Two instances of repetitive operation of three-electrode liquid

(9)
switches have not resulted in very useful devices. Proud and Huber inves-

tigated the possibility of dispersing the impurity growth due to electrophoresis

and flocculation in transformer oil by means of agitation, but found that the

maintenance of high purity in a repetitive gap was not practical. They com-

pared non-carbonizing liquid nitrogen with oil in the same gap and found hold-

off improved fourfold. Their motivation for recommending further effort

with liquid was the observation that the spread of breakdown lag data was

only 20% as wide for liquid as for gas.

A mechanically triggered three-electrode switch in fluorocarbon
(10)

FC-77 fluid is described by Wilson. A pair of stainless steel electrodes

with one-inch separation were triggered by means of a rod electrode rotating

between them at 60 or 120 pps, depending on drive motor rpm. Running times

of 2 to 6 hours at 50 kV were achieved by means of filtering the fluid about

once per minute. Jitter times were about +10 is - quite reasonable for' a

mechanical switch.

10.3 Laser Initiated Switch

Liquid-insulated LTS has been discussed in the review articles of
(11t,12)

Guenther and Bettis. Since streamer velocities in liquids are considerably

1_11 -467-



slower than those of gases, shorter gaps and more powerful (brighter) lasers

are advisable for fast switching.

In a dc charged switch insulated with transformer oil, Marolda (13)

used a 500 MW ruby laser to close a 0. 365 cm gap. Delay times varied from

the microsecond region for orthogonal irradiation to less than 30 ns in the

coaxial geometry (Section 9. 3).

LTS has been reported in pulse-charged water(14) gaps at 430 kV
(is)

and oil gaps at up to 700 kV. The work with oil is described in some de-
(15)

tail by Zigler who attempts to relate liquid and gaseous breakdown theories

in the absence of any well formulated theory of liquid breakdown. The non-

linear self-focusing(16, 17) phenomenon mentioned in connection with gases

probably plays a part in preparing the breakdown channel. An interesting

observation in this connection can be made concerning LTS in a 20 mm oil-

filled gap charged to a few percent of SBV. In this case it was observed that

the laser pulse crossed the gap as much as 150 ns before the application of

any voltage across the gap, thus indicating that the preionized gap retains its

low impedance for hundreds o' nanoseconds after the passage of the laser

beam. Zigler also demonstrated experimentally that a focus position 2 mm

below the electrode surface gave best results. Delay times as low as 10 ns

with jitter of +1 ns were recorded.

10.4 Design Considerations

As stated earlier, the liquid dielectric switch is self-healing and

can be convenient to use in a low impedance system which employs similar

liquid in its energy store and PFN. Though messy at times, liquids such as

oil and water' are far safer than compressed gas, as implied by the fact that

pressure vessels are hydrostatically tested before requiring them to with-

stand gas at similar pressures.

Liquid dielectric switches should be restricted to pulse-charged

operation, and to systems where the convenience of impedance matching
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outweighs their relative imprecision. Applications for LTS in liquid should

be examined with due consideration of the cost of the high-powered lasers

required and the damage to lenses and laser crystals likely to be experienced

due to shock propagation in the liquid and stimulated Brillouin scattering (18)

which can direct the laser beam back on its source.

Erosion of electrodes in liquids is enhanced by the concentration

of the spark into a narrow channel, a fact which is used to advantage in spark-
(19)

machining. Investigators in the machining field using a kerosene dielectric

have found anode erosion to be much smaller than that on the cathode because

of the adhesion of carbonized particles of kerosene on the anode surface.(20)

In their tLýsts, copper or silver anodes underwent 1% of the erosion (by

weight) of carbon steel cathodes. Similar favoring of the anode in MA/cm 2

discharges in kerosene is reported in reference (21). Experimental results

are given for electrodes constructed of Cu, Ni, Fe, Al, W, Mo, Pb and Sn.

For breakdown strengths of switching liquids consult Section 5

of this report and reference (22).
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SECTION 11

SOLID SWITCHES

Solid dielectric switches offer the advantage of very low impedance

and high current capability. These switches are commonly used at dc voltages

up to 100 kV, and operation has been reported at levels as high as 500 kV,

pulse-charged.(1) A significant and obvious disadvantage to solid dielectric

switches is their lack of self-healing and the necessity of replacing the dielec-

tric after each event. Triggering of such switches is accomplished either by

electromechanical puncturing for microsecond jibter or by means of an explod-

ing foil or wire situated between and insulated from the main electrodes to

achieve modest jitter of tens of nanoseconds. In the latter case, not only the

dielectric, but also the trigger assembly must be replaced after each shot.

11. 1 Overvolted Switch

The simplest form of solid dielectric switch is one in which a

sheet of polyethylene or mylar is pressed between a pair of electrodes and

then overvolted. Rather erratic behavior can be expected from such a simple
d-

arrangement because the discharge path will usually be a flashover path -

which defeats the whole purpose of the very narrow gaps and consequent low _

inductance inherent to the solid dielectric switch. Although one could in-

crease the flashover path sufficiently in principle to eliminate the flashover

modr, it is more practical to overcome this behavior by purposely weaken-

ing the dielectric in one or more spots by stabbing it before insertion be-

tween the electrodes.

Reference (2) describes a method of attaining precise and repro-

ducible stabbing of polyethylene. Sheets of stabbed polyethylene were in-

serted between electrodes and pulsed by a capacitor discharge. The self-

breakdown voltages of 30-, 60- and 80-mil polyethylene sheets were deter-

mined as a function of the stab depth. These data are reproduced in Figure 11. 1
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Figure 11, 1 Self-break curve for polyethylene switches.
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which shows self-breakdown voltage versus the thickness of material remain-

ing beneath the stab. It is interesting to note that care was taken in these

tests to cover the stab depressions tightly with an electrode so that water

from the surrounding pulse-line would be kept out of the depressions. The

depressions, always near the positive electrode, were thus filled with air

which broke down on application of the high voltage pulse, thereupon distort-

ing the field in the polyethylene to breakdown. The air breaks down readily

since its lower dielectric constant causes most of the initial stress to appear

in the air-pockets.

Stabbing can also be accomplished, though less precisely, in situ

in dc charged switches. A deformation is caused by a remotely operated ham-

mer or weight driving some sort of punch or tack into a thin copper or alum-

inum sheet electrode, eventually causing intrinsic breakdown in a very small

volume.

11.2 Multi-Electrode Switches

A solid dielectric switch belonging to this class may he a simple

extension of the hammer-and-tack switch described above, in which the defor-

mation takes place between one electrode and a midplane trigger foil or it

may utilize one or more electrically or explosively triggered intermediate

electrodes.

,The simplest form of a three-electrode solid switch is shown in

Figure 11.2. An advantage of the mid-plane foil is the growth of numerous

channels from the highly stressed edges of the grounded trigger foil. An ex-
(3)

perimental determination of the number, of channels formed as a function

of the main gap ratio implied satisfactory operation for 0.3 <q <0.6 where

q = y/(x + y)

y = dielectric thickness between trigger and ground

x = dielectric thickness between trigger and -V
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These tests were made at a constant 5 kV/mil for 4 mil and 6 mil mylar in-

serts. As the stress was increased in the range 3 to 6 kV/mil, the number

of switch channels was observed to increase.

The same switch, triggered by a capacitively coupled 35 kV trigger

signal rising in 20 ns, operated with a delay of 19.7 ns and jitter <+10 ns when

used to switch a 20 •sec, 1 ohm stripline charged to 50 kV.

A detailed account of solid dielectric switches reported between
(4)

1956 and 1966 is given by Komel'kov. Of the eight references cited, which

describe triggering schemes such as exploding wires, explosive detonators,

electrodynamic hammers and lasers, only one, attributed to Komel'kov and

Aretov in 1956 was of Soviet origin. Their' switch utilized a ring of six explo-

sive detonators to switch 1. 4 MA at 40 kV through polyethylene insulation.

A high power switch has been described(5) in which the mid-plane

foil (0.025 mm thick copper) is separated from one main electrode by the prin-

cipal dielectric, 0. 5 mm thick polyethylene, and from the othor main electrode

by a thin, pre-punctured sheet of 0. 075 mm thick polystyrene. The puncture
4 2

is a hole of 5 x 10 mm area. Since breakdown of the switch is mainly

attributed to explosive pressure generated in the vaporization of the trigger 4
foil, a small puncture in the polystyrene car be considered more effective in

concentrating the discharge on a small portion of the foil, thus facilitating

vaporization. It is noted that the explosive pressure so generated is suffi-

cient to puncture the polyethylene even when no voltage is impressed across

the main insulation.
-8

This switch was designed to satisfy inductance -equirernents _10 H

and has closed successfully on pulses of up to 430 kA, passing 170 coulombs at

40 kV. Delay times in the microsecond range with jitters (standard deviation)

of a few hundred nanoseconds were observed. Erosion of the main electrodes

was distributed over the electrode faces by changing the position of the pre-

puncture in the trigger insulation. The triggering signal was directly coupled

between the foil and main electrode from a capacitor discharge producing a

300 kHz signal of 100 kA peak at 10 to 20 kV.
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11.3 Laser Initiated Switches

Solid dielectric switches can also be triggered by means of a

focused high-brightness laser directed in a coaxial configuration as has been

described for liquid and solid switches. This method has been demonstrated

by Strickland (6) who applied dc voltages of 30 to 85 kV across gaps insulated

with Lexan and Teflon 0.010 inch to 0.020 inch thick. Currents carried were

0.6 to 1.7 kA.

The particular breakdown phenomena which control the solid LTS

are not established. The self-focusing(7) of the laser beam due to non-linear-

ities in the dielectric as well as further energy deposition in the resultant

plasma probably has some effect. A discussion of solid dielectric break-

down is found in Section 6 and reference (8).

Strickland reported delay times as low as 2 ns with jitter of +2 ns.

A transition point in delay was observed when the applied voltage was 45 kV

across 10 mil Lexan. At this point delay jumped disc•ontinuously from ,10 ns

to the microsecond range. Multichannel switching was initiated by sandwich-

ing a thin foil between two dielectric sheets. Laser-induced breakdown of the

first gap caused an overvolting of the remaining gap which disc. -ged in num-

erous channels around the edges of the foil, similar, to the conventionally

triggered three-electrode gap described in Section 11.2. Another advantage

of the grading provided by the sandwiched array is an increase in voltage hold-

off for a given switch thickness.

11.4 Design Considerations

Relatively few materials have been widely used in solid dielectric

switches. Of these, Mylar has the greatest dielectric strength and will there-

fore allow the shortest breakdown gap. For example, 10 mils of Mylar or

60 mils of polyethylene would be appropriate for a 150 kV switch. However,

if low inductance is of prime importance, it should be noted that stabbed poly-

ethylene can ;)e made to beeak down in enough current- sharing channels to
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(2)

compensate for its increased thickness. In the event an automatic, feed
(4, 5)

syslern is desired for rapid replacement of spent dielectric, a flexible

material such as polyethylene or Teflon is indicated. For applications re-

quiringprecise, machined thicknesses, clearly a rigid material such as Lexan

or polystyrene is required.

Solid dielectric switches can be used wherever fast-rising, high

currents at moderate voltages are required and sufficient time is available

between pulses to replenish the dielectric and trigger foil (if used). The

short gap spacings minimize inductance and have associated high field inten-

sities which reduce the resistive phase to a few nanoseconds. The resistive

phase, tR is given(9) for solids of unit density (e.g. polyethylene) by

t 5
R 1/3 4/3 nanoseconds (W)S ZI/ E4

where Z is the driving impedance in ohms

E is the applied lield in MV/mrn

If precise synchronization with other prior events must be accom- -

plished an electrical or LTS triggering technique may be required. Synchron-

ization with later events may be adequately achieved by means of a probe such

(10)
,is a Rogowski coil sampling the current rising in the switch. In the latter

case, or when synchronization is unimportant, the simplicity of the overvolted

stab switch or mechanically initiated switch can result in relatively substantial

cost reduction.
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* SECTION 12

VACUUM SWITCHES

The additional complexity of using high vacuum (10"5 to 10-7 torr)

processing techniques in constructing and maintaining vacuum switches can be

compensated by their advantages.

(1) High dielectric strength.

(2) Rapid deionization time.

(3) Wide voltage range.

(4) High current capability.

(5) Low inductance.

(6) Quiet operation.

Vacuum's ability to recover its dielectric strength is compared

with that of N2, H and SF in Figure 12. 1. The ultimate breakdown voltage
2 2 6

of a vacuum gap depends primarily on the condition of' the electrode surfaces.

Since the surface condition varies considerably from shot to shot, as much

as 108% in Lafferty's measurement, it is not practical to attempt to con-

trol breakdown voltage of a vacuum switch accurately by adjustment of the

electrode spacing. Furthermore, one must consider the effect of electrode

roughening on vcltage holdoff when using data from vacuum breakdown mea-

surements (Section 7 and reference (2)) to design vacuum switch gaps.

Although most of the commercial switching devices described in

Section 8 operate at pressures low enough to be properly called vacuum

switches, itis section is concerned only with prototype and other custom-

designed vacuum switches. The particular characteristics of vacuum inter-

ruption devices (i.e., mechanically-opened, normally-closed electrodes in

vacuum) are treated in Selzer's review. (3

Insulating materials integral to the switch include synthetics such

as Lucite, Teflon and polyethylene as well as porcelain, ceramic and glass.

The exterior of the gap is protected from flashover in many cases by immersion
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in oil or high pressure electronegative gas. In general, an internal spontan-

eous firing of the switch is not damaging, whereas external flashover is usu-

ally catastrophic for sufficiently large currents.

The spark gap can be made up of a single pair of electrodes or can

be partitioned into several smaller -aps by means of conducting discs,

especially for higher voltage operation. Figure 12. 2 shows that the depend-

ence of spontaneous breakdown voltage upon pressure becomes more sensi-
(4)

tive as the spacing between electrodes is increased. Therefore, high energy

switching requires adequate continuous pumping of out-gassed material, and,

at higher voltages, the partitioning of the anode-cathode region into segments

5 to 7 mm wide. Sectioned gaps, though more stable, are more difficult to

control.(5) A sectioned gap is illustrated in Figure 12.3.

To initiate closure of a vacuum gap one must supply some charge

carriers. These may be injected in the form of a plasma jet, localized spark,

or even a neutral gas which becomes readily ionized; or the carriers can be

uLbained from within the gap by irradiating its electrodes, discs or walls with

a high-power laser. The method chosen, as well as the details of its imple-

mentation will have much to do with the delay and jitter in switch closure.

Since the injection of neutral gas does not result in a short delay, it is not

considered further except in connection with one of the other methods, each

of which is discussed in the following three subsections.

12.1 Spark-Initiated Vacuum Gap

This type of switch is similar' (and in some cases identical) in

form to the trigatron described in previous sections. However, its operaling

characteristics are substantially different. Although few studies exist, it is

established(5) that delay substantially depends on gas pressure, polarity of

the triggered electrode, spark gap voltage and igniting spark parameters.
(6)

Hancox has measured triggering delay in spark gaps operating

in the range 10-3 to 3 x 10"2 torr, a region in which residual gas (nitrogen)
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Figure 12. 3 Design of section d spark gap.
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molecules can suppiy charge carriers once they are ionized. The dependence

found for firing delay time versus pressure and gap voltage is shown in Fig-

ure 12. 4. The trigger device was a 1 mm diameter tungsten wire in an insu-

lating sleeve 1-mm-thick set flush with the surface of the negative electrode.

Delay was independent of the polarity of the 15-kV, 100-ns pulse from a 330-

ohm cable.

More detailed measurements on vacuum disc switches are re-
(7) 1-1 to1-3

ported by Aretov et al. for a 40-kV, 370-kA switch in the 10 to 10"torr

range. The effects of trigger voltage and the polarity of the triggered elec-

trode are shown in Figure 12. 5. Clearly the triggered cathode is the pre-

ferred mode for low delay and jitter. The shorter delays encountered when

the cathode is triggered may be understood from the fact that the majority

of the injected electrons are accelerated toward the anode thus developing

the avalanche ionization; when the anode is triggered, on the other hand, a

two-step process takes place in which the cathode is bombarded by positive

ions, whereupon secondary electrons are emitted to develop the avalanche

and the small plasmoid injected by the triggering device ultimately closes

the gap.
(8)

Cormack and Barnard have described a low-inductance switch

of the "trigatron" form which has been used as a crowbar switch with one-

nH inductance over the range 0. 5 to 254-V and up to 500-kA. With

argon filling in the range 18 to 60 microns, a jitter of 10 ns was observed

for a positive trigger in the cathode, and the delay was as low as 40 ns.

Higher current switches triggered by auxiliary spark gaps have

been described by Hagerman and Williams(9) whose 75-kV sectioned device

passed 106 A. Maximum chamber pressure was 5 x 10-4 torr. Lifetime of

the trigger pin was 50 to 100 firings, and that of the main spark gap was

several hundred shots.

A non-sectioned gap developed at Leningrad Polytechnic Institute

was aged (conditioned) to hold off 200 kV. This switch is controllable over
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spark gap (d = 35 mm) as a function of Vo, the initial voltage

applied to it, with triggering from the cathode (continuous curves)
and from the anode (dashed curves); the trigger pulse amplitudes

were -10, -30, and +40 kV. The base pressure P0 in the
chamber is 5 x 10-3 rnm Hg.
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the range 20 to 150 kV, passing 2 MA at 150 kV when continuously pumped to
-5

10 to.r. Ignition is accomplished by means of a 20 to 25 kV spark discharge

which passes several kA across the polyethylene insulation between the core

of the trigger cable and its host electrode. The delay and jitter depend on the

operating voltage of the switch; at 150 kV, the delay is no greater than 200 ps.

Repeated operation at the 2 MA level requires additional voltage conditioning

to operate at 150 kV. Below the 100 to 120 kV level, repeated aging is not re-

quired so long as the repetition rate does not exceed one shot per 5 or 10 min-
(5)

ute s.

12.2 Plasma Injection

This type initiation is usually required in lower pressure (<i0"4

torr) switches which are unable to supply sufficient charge carriers in re-

sponse to the stimulation of an auxiliary spark. Characteristics of switch-

ing by means of plasma streams depend on the stream velocity, charged

particle density distribution, and the polarity and voltage of the electrodes.

Sometimes a longitudinal magnetic Field is used to reduce the effects of the

chamber walls. In all cases, optimum operation is achieved when the high

voltage electrode is negative and the plasma stream originates. at the grounded
(5)

electrode.

The data of Azizov and Komel'kov(1O)"in Figure 12.6 for 30 W,

400 kA gaps closed by plasma jets from coaxial injectors shows a voltage

dependence of time lag of the same character as found in gas filled switches,

namely, the delay is reduced as the operating voltage is increased. Delay

times are measured from the entrance of' the plasma stream into the gap to

closure. Depending on the mass of plasma accelerated, the total delay time

from injector turn-on is 200 to 400 ýjs. For voltages below 2 kV particle
15 3

densities of at least 10 per' cm are required; whereas, at higher operat-13 3

ing voltages 1013 particles per cm would suffice. In the case of positive

polarity high frequency current oscillations are observed which are not
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Figure 12. 6 Variation of the time lag of the discharge with the

voltage for negative (4) and positive (2) polarities of the

high, voltage electrode. Ring electrodes. (3, 1) The same

for cases where electrode II is represented by a solid disk

and electrode I is a disk with a hole of diameter 6 cm.
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present with negative polarity on the main electrodes. A 3 kOe longitudinal

magnetic field does not mitigate the polarity effect.

A type of plasmoid-triggered gap which has already been devel-
-7oped into a sealed-off, high vacuum (10 torr) commercial device is the

triggered vacuum gap (TVG) first described by Lafferty.(1) A hydrogen plas-

moid is injected into the gap such that commutation is accomplished by the

production of a glow discharge which rapidly becomes a metal vapor arc.

Titanium hydride provides the hydrogen host material. This ceramic insu-

lated device will close a 30 kV main gap in 100 ns with 30 ns jitter by means

of a 10 A trigger signal. For dc applications it is best to set the positively-

pulsed trigger in a recess in the negative main electrode (as for spark-triggered

vacuum switches), Less trigger energy is required in this mode than if the

trigger is isolated or connected to the positive electrode.

Like other vacuum gaps, the TVG has a wide voltage range: 300

to 3000 volts for a 0.086 inch gap, 2 to 150 kV for the 7,R-751R (obtainable on

special order from General Plectric Company). These switc.hes will carry

10's of kA and have been constructed for operation at up to 100 kA.

12.3 Laser-Triggered Switch

The irradiation of electrodes, discs or walls with a high powered

laser causes the explosive emission of clusters of ionized and neutral particles.

Komel'kov(5) suggests that the characteristics of vacuum switches initiated in

this manner would have much in common with injected plasma devices and that

the expected delay would not be much less than that obtained with spark igni-

tion. Vaporization of discs and insulating walls is said to be more promising

than irradiation of an electrode but would require one or more discharge tracks

rather than a point burst. The necessity for very high power lasers and rather

special optics is pointed out.i(

Experiments have been performed by Gilmour et al(11,12) which

were directed toward a 300 kV, 1 kA vacuum switch having a duty cycle of
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0.001 at 20 to 300 pps and a 1000 hour life. A ruby laser (6942 ) and a
0

pulsed nitrogen laser (3371 A) were used for the testing of a 20 WT, 10 MW

prototype. The risetime of the output current was polarity dependent: -1 ±s

for a negative target and e.100 ps for the positive electrode target. The

thrust cf this researcs. has been diverted from the laser-triggering aspects

and concentrated more on a magnetically quenched, fast openinq switch.(12, 13)

12.4 Design Considerations

A designer chooses a vacuum gap when he needs its fast recovery

time and the compactness resulting from its high dielectric strength but has

requirements on current, voltage or timing which cannot readily be met by

commercial devices.

To achieve low inductance the current distribution can be improved

1 by encouraging the current to flow near the outer boundaries of the switch

rather than allowing it to become compressed in a small channel near the

switch axis. This enhanced current distribution can be attained by inserting

a dielectric obstruction in the center of the cavity which forces the discharge

path to have a larger cross-section as it travels closer to the outer 'valls of
the switch cavity. As with the walls the choice of dielectric obstruction mate-

rial must take into account the capability of the pumping system to hanrile

vaporized material as well as the degr,'e of metallization (see below) which

can be tolerated on the dielectric. A larger current distribution is also en-

couraged by an increase in the mass of gas released near the walls as, for

example, when a narrow slot (5 is used as the discharge cavity rather than

a cylinder. Choice of materials, both conducting and insulating, influences

not only the charactei.istic operation (as for slot gaps) but also the life of the

switch and maintenance intervals. Electrodes are damaged mainly by non-

uniform current distribution which can be reduced somewhat by discouraging

high density single channel discharges. Long life requires the initiation of

multiple channels when the switch is used to discharge more than 40 to 50 kJ.
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It is interesting to note that the decrease of dielectric strength in

spark gaps with synthetic insulators is not due to the precipitation of metal

vapors on the walls. In fact, these materials themselves vaporize to the

point that a gas cushion forms on the surfaces so as to shield them from

metal vapor deposition. This is not so for porcelain and glass which may

become metallized at large currents, except when relative thermal conduc-

tivities leave such insulators hotter than the conducting surfaces, thus en-

couraging the precipitation of metal vapor back on the electrodes. It has

also been found that Teflon is less ablative than Lucite when heated in a dis-
(8)

charge. The presence of organic matter such as pump oil leads to the

deposit of conducting carbon films on insulators after switching. Therefore,

the use of cold traps or oil-less pumps, turbopurnps for example, is required.

Lifetimes of the switchcs described in reference (5) are in the range of 103

to 104 shots.

Outside the Soviet Union, sectioned vacuum gaps (Figure 12.3)

are widely used. Approximately 5 to 8 kV per section is allowed. Partition-

ing discs have apertures covering 30% of their area, not always aligned on the

same axis, so as to avoid total breakdown if a singl,, section fires spontan-

eously. Brass and stainless steel are typical electrode and disc materials. (5)

Finally, although vacuum gaps do not present the explosion haz-

ard of high pressure gas gaps, the rapid acceleration of charged particles in

the vacuum environment results in radiation from which personnel and sensi-

tive equipment must be shielded.
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SECTION 13

GENERAL DESIGN CONSIDERATIONS

An attempt has been made to discuss and summarize all factors

relevant to dielectric and switch design, but the size of the subject makes

some omissions likely. With a few exceptions, the dielectric data presented

cannot be used directly for design, even allowing for the temporal, area or

volume effects which are treated at some length in the text. A factor of safety

should be applied. The size of this factor depends on the application, includ-

ing such'considerations as the significance of breakdown, duration of opera-

tion and so on. Where available, typical operating stresses have been pro-

vided to give a guide to factors of safety. Examples of this are given in

Tables 4. 19, 4. 14 (gas), 6. 1 (solid), and Figure 7. 14 (vacuum). Even with

this data care has to be taken that the processing, or quality control that per-

mitted these values is not overlooked. For example, in Section 5, it is noted

that one power supply manufacturer designs for oil stressed at 100 kV/in

positive and 150 kV/in negative. This value is for degassed (e.g. vacuum

treated) oil, and not all supply manufacturers have the appropriate facilities

to so degas their oil, nor do they design their supply tanks braced so that

they can be evacuated. The data presented is largely a compendium from

many sources. It has been obtained with different degrees of experimental

care and should be treated with discretion. The designer of very expensive

equipment should assess the value of conducting dielectric tests directly re-

lated to critical aspects of his design.

We have noted that, in general, the maximum electric field

strength determines breakdown voltage, and the usual design philosophy is

to minimize intensification beyond the uniform field value V/d, where d is

the distance between the parts to be insulated. This question of electric field

design was discussed at some length in Section 2, and obviously configuration

is important. However, it is worth noting that from practical considerations
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orientation of the. electric field system can also be significan. As an rt'am-

pllc:, wc have, noted e.arlier that the presence of particles can have an adverse

efcf'ct on voltage performance in a high pressure gas. It would be expected

then, that for low frfeque.ncy operations where particles have sufficient time

to move in th(- field, a geometry such as a coaxial line would perform better,

with its axis vertical rather than horizontal, i. e. so that particles are re-

moved by gravity from the inter-electrode area, and there is evidence of this

effect in practice. The use of perforated screens to trap particles in a hori-

zontal coaxial situation is one approach to this problem. Another example

whe-re field orientation can be important is with liquid dielectrics where bub-

ble.s can lead to a low breakdown values. Geometries should preferably be

arranged so that bubbles, if any, are trapped in low field regions, and cer-

tainly not in high field regions.

In several applications of high voltage technology there are rela-

tively standard approaches. For example, broadly similar transformer con-

cuepts are used to generate power frequency, although for the higher levels,

, particularly for test units, a choice can be made between a single unit or

more than one cascaded units. Similarly for de power supplies, although

again there are choices with regard to the number of stages to be used, and

particularly at the higher voltages, differing approaches to generation. The

route chosen by a designer is intimately related to dielectric technology,

biased by his experience and the resources at his disposal. The same biases

obviously exist when a new, unconventional, design problem is posed. Gener-

ally more than one approach can be identified as being practical, and deter-

mination is usually made based on such factors as cost, size, relative sim-

plicity and sometimes development time - depending on the application. For

example, an airborne system imposes restraints not existing for ground

based equipment.

The design process usually starts with the load - the input to the

system is often quite flexible. In a pulsed power situation the system can

usually be represented in general by the blocks shown on Figure 13. 1. The
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Figure 13.1 Generalized concepi - pulse power system.

Note 1. Time 0 -, TI usually of the order of seconds for single puls, systems.
2. Time T T2 usually about 1 usec.

3. r typically is 50 nsec.

4. Case shown is for power concentrator matched to the load.
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first block, representing high voltage generation, and the second block, repre-

senting primary energy storage, can be combined as in a Marx generator, or

reversed as in a pulse transformer with primary circuit storage. The prime

storage is usually a system of energy storage capacitors. In the case of a

Marx generator these are arranged in stages which are charged in parallel

then erected in series by interstage switches which are effectively switch 1.

The power concentrator is typically a liquid dielectric capacitor which pro-

vides high energy density because of the high, short time, dielectric strength

of liquids. The need for high energy density storage when fast pulses are re-

quired was discussed earlier in Section 1. A peaking capacitor is used in

some applications to provide fast wavefront energy - in effect the peaking

capacitor is "tuned" with the inductance of the prime store to provide the re-

quired risetime in the output transmission line or load. The close synchron-

ization of switch I and switch 2 is of particular importance where peaking

capacitors are used. The load is often connected directly to the output of

the power concentrator. Where a transmission line is used it should be

borne in mind that, as discussed ini Section 1, the relative figures of merit

for energy flow is not quite the same as for energy density because the velo-

city of propagation in the medium varies inversely with the square root of

the dielectric constant. The third block, representing a power concentrator,

or device to provide wavefront energy such as a peaking capacitor, may not

be necessary, depending on the speed with which energy has to be supplied

to the load.

A variety of sophisticated techniques have been developed to gen-

erate high pulsed power, and their utilization is intimately related to the per-

formance of various dielectrics. Useful information on the techniques is(1) (2)
contained in articles by Fitch and Howell, Martin, and Moriarty and

Simcox,(3) and in books by Frungel(4) and Mesyats.(5) A good treatment of

the subject of high voltage technology encompassing the many techniques and

incorporating the dielectrics and switching information provided here would
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invuvC iniov'r tuftort than is available, and that will be left for later authors.

11 ',over, as a guide to determining suitable concepts it is useful to compare

the energy densities possible with the various dielectrics. Table 13. 1 pro-

vides information on maximum energy densi-ies based on the breakdown

stiength of small samples. Operating stresses, in capacitors for example,

are typically an order of magnitude lower (two orders of magnitude in energy

density). Table 13.2 gives information on some of the more interesting mate-

rials taking account of area effects. In this case the active volume to store

100 kJ is given. Compressed gas would normally be used in a coaxial capa-

citor which could be charged to megavolts either with a pulsed or continuous

voltage and switched at one end, usually in the same gas, into the load. Oil

or water would typically be used in a coaxial geometry either as a simple

coaxial line or in a Blumlein configuration,(1,2,3) and Mylar has been used

in strip line geometries connected to give megavolt potentials by cascade

switching (Marx or multiple Blumlein). (1, 2, 3)

Whereas gas or liquid insulated capacitors could be operated close

to the stresses in Table 13. 2 because breakdown is not normally destructive,

this is not so for solid dielectric which must usually survive a reasonable

number of 'rhots. Table 13.3, due to J. C. Martin, takes account of this by

stipulating 1000 shots life on the solid. The charging time duration of about

1 usec is a common value for liquid power concentrators charged by a Marx

generator.

In designing for fast pulse generation and transmission it should

be realized that the dielectric constant e can be frequency (and field) de-

pendent, although this is not usually a significant factor. Reference 6 sum-

marly .2s measurements on the complex permittivity and permeability of2 100
more than 600 dielectrics for a frequency range of 102 to 2. 5 x 10 cycles

per second, and for temperatures up to 5000 C.

Finally, some comments on switches for pulsed power and their

integration in systems. The previous sections have described a range of
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Table 13. 1 Energy densities in dielectrics.

Dielectric • r E (V/M)Y W (joule/cmr):

Freon at 9.5 kg/cm2 pressure 1 5 x 107 0.0112 7. 1

SF at 14 kg/cm pressure _ 1 6 x 107 0.016
6 2 7

N2 and CO2 at 84 kg/cm pressure _ 1 5.5 x 10 0.013

Hexafluorine-nitrogen at 84 kg/cm _ 1 6.7 x 10 0.02

Helium at 84 kg/cm2 pressure 1 1.7 x 107 0.0013

Transformer oil 2.2 0. 9 x 107 1.78 x 10"4

Silicones 2.8 1.3 x 107 4.75 x 10-4

Hydrocarbons 2 11 x 107 0.1

Distilled water 80 3. Ox 107 0. 4

Ba-Sr Titanates 1800 107 0.79

TImpregnated paper 2.23 1.2 x 108 0.14

Polystrene 2.56 3.1 x 108 1.08

Mica 3 1.6 x 108 0.34

Lucite 3 4 x 108  2.19

•Based on measured breakdown strength of small samples. Actual gradients

and energy densities obtainable in capacitors using these dielectrics are

considerably lower.

-499-



Table 13. 2 Active volume of dielectrics for 100 kJ.

Dielectric Fs r E (V/M) Active Volume M3

SF6 (100-300 psi) 1 25 x 106 36

Mylar (0. 006 mm) 2  3.2 5 x 104 0.03

Mylar (0.25 mm)2 3.2 3 x 104  0.08

Oil3 2.2 ,.4.0 x 107 ,7.0
7

H2 0 (atmos. press.) 80 '1. 5 x 10 7,11.0

H20 (100 atmos.)4 80 -5.0 x 107 ,,0.1

1. It is likely that the stress of 25 MV/M over the surface area required for
100 kJ at megavolt potentials could be achieved with relatively slow pulse
charging at pressures in the middle of this range.

2. This is an average breakdown stress. Useful stress for reasonable life
would be much less (see Table 13.3).

3. E.ffective charge time i us.

4. Based on latest experimental work as reported in the supplement of this
report.

Table 13. 3 Active volume of dielectric for 100 kJ (after J. C. Martin).

Plastics Polythene 42 M3

(1000 shot life) Mylar 1. 7

Lucite 11

Tedlar 12

Liquids Oil -10

(1 us charge) Water 1. 5 (uniform field)

Water 0.4 (high negative field)
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devices for the commutation of high voltage in a variety of environments with

a wide choice of operating parameters. The tradeoffs and options available

0 in an individual design exercise may be quite numerous.

Commercial devices such as the hard and soft switch tubes have

been in service for many years in radar systems, particle accelerators and

similar applications requiring a high degree of reliability and long operating

life. Vacuum interrupters are in service in ac power distribution systems

where very high reliability takes precedence over operating precision.

Extremely high voltages, in the multimegavolt range, are switched

with maximum precision, speed and reasonable reliability by means of high-

pressure gas switches. Most of the operating EM.P systems and an experi-

mental high-resolution radar use gas-insulated switches quite satisfactorily.

Although it is often advantageous to switch in the same dielectric medium as

the energy store, the precision with which gas switches can be controlled can
4

result in an operating efficiency which justifies the engineering of a gas switch

within a liquid energy store, as, for example, the Neptune facility at Ion Physics

Corporation and the Gamble installation at the Naval Research Laboratory.

Liquid dielectric switches are often preferable ii low-impedance

systems which can be pulse-charged and utilize overvolted operation. Oper-

ating lifetimes are decidedly minimal because of erosion of electrodes and

general wear due to shock-wave generation. Very fast risetimes can be

attained in low-impedance PFN's by means of the peaking gap technique. Fre-

quent repetition of switch closure is usually not practical.

For very high current transmission on a single shot basis, espec-

ially in a stripline configuration, the solid dielectric switch has been used with

success. These are restricted to applications which allow ready accessibility

between shots for obvious reasons. It would be hard to imagine a less expen-

sivu switch capable of such low-inductance, high current commutation. They

have found use in weapons simulation equipment as well as more commer-

cially oriented magnetic forming equipment.
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Perhaps the most complicated of the non-commercial devices are

the vacuum-insulated switches. However, they possess high current cap-

ability and remarkably wide operating voltage ranges. Their rapid deioniza-

tion time is of value for repetitive operation well above the range of gas-

insulated switches and for applications requiring quick opening - as needed

with inductive energy stores. These switches have been used in a number of

CTR applications.

In conclusion, we have found the quantity of information available,

on the subject of dielectrics in particular, almost overwhelming. The con-

densation, collation and assessment given in these volumes provide a founda-

tion for a succeeding effort on high voltage and pulse power technology, which

may be deemed desirable. But that, fortunately, is another story.

, 02

-502-



SECTION 13

REFERENCES

(1) Fitch, R. A. and Howell, V. T. S., "Novel Principles of Transient High
Voltage Generation"' Proc. IEE l_1, 849 (1964).

(2) Martin, J. C., "Nanosecond Pulse Technique" AWRE Report SSWA/
JCM/704/49 (1970).

(3) Moriarty, J. J. and Simcox, G. K., "Megavolt Modulators for Nano-
second Radar" Proc. 10th Modulator Symposium, 274 (1968).

(4) Frungel, F., "High Speed Pulse Technology' (2 vols. ) Academic
Press, N.Y. (1965).

(5) Mesyatz, G. A., et al, "Formation of Nanosecond Pulses of High Volt-
age,' Energia, Moscow (1970). FTD-HC-23-385-71.

(6) Von Hippel, A., "Dielectric Materials and Applications" The Tech-
nology Press, MIT, John Wiley & Sons, New York (1954).

-503/504-



UNCLASSIFIED
Securitty clssific,ition ,, , IDOCUMENT CONTROL DATA R & D

(Security 4tla~slffcation of tille, body of abal,.eU and indexing anii2lllon rmust be entered when the overall r.e por a iclasillfed)
I. ORIGINATING ACTIVITY (Corporate author) as, REPORT SECURITY CLASSIFICATION

Energy Sciences, Inc. UNCLASSIFIED
Burlington, Massachusetts 01803 lob. GROUP
6I

S. RFICORT TITLE

REVIEW OF DIELECTRICS AND SWITCHING

4. DESCRIPTIVE NOTES (Type of repouf and Inelualvb dales)

February 1971-December 1972
5 AU THORIS) (Fifft nlae, middn l Initial, lest noa.-n)

A. S. Denholm; J. J. Moriarty; W. R. Bell; J. R. Uglum; G. K. Simcox;J. Hipple, S. V. Nablo

6. REPORT DATE 7a, TOTAL NO, OF PAGES b. NO. Or REFS

February 1973 534 431". CONTRACT ON GRANT NO- F29601 -71 -C-0034 On, ORIGINATOR'' REPORT NUMMBEMRI

b.PnRoEcT NO. 8809 AFWL- rR-72-88

"'. Subtask No. 006 9b. OTHER REPORT NO(S, ,Any other numbo.,, It.? tay be aesijned
Nf0 thisnpottj

d.

SO. DISTRIBUTION STATEMENT

Distribution limited to US Government agencies only because test and evaluation
information is discussed in the report (Feb 73). Other requests for this docu-
ment must be referred to AFWL (DYX), Kirtland AFB, NM, 87117.

I1 SUPPL,.MENTARY NOTES f12. SPONSQRINU MILITARY ACTIVITY

AFWL (DYX) N
Kirtland AFB, NM 87117

AS. ,STRACT (Distribution Limitation Statement B)

Systems to generate high-power levels frequently operate at high voltage, and
their design requires special knowledge of dielectric and switching technology.
The treatment of these technologies in this report starts with a discussion of
electric field analysis, then covers insulation and switching in the four
dielectric media; namely, gas, liquid, solid and vacuum. An extensive search
of the literature produced a listing of relevant books, reports and papers and
the establishment of a punched card classification and retrieval system specially
designed for the subject area.

DD ,NOV,01473 UNCLASSIFIED
Security Classification



rv-i'' AR.

• W LINK A LINK a LINK C
KEv WOft)5

ROL-a WT ROLIC W? ROLE W'r

Die'ectrics
Switch i ng
Energy storage
Transients
Overvolt
Triggered gap
Electrical breakdown

UNCLASSIFIED
Security Classification


